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 Marine ecosystems have been under a considerable amount of stress due to human 
activities, especially after industrialization.  The abundance and ecological interactions of 
exploited fishes are influenced by fishing activities, climate change, and natural 
environmental variability, but there is a lack of knowledge on how these community 
parameters have changed over time.  In the present study, temporal shifts in the trophic 
structure and composition of an important commercial fish community along the east coast of 
the South Island of New Zealand was investigated.  The Marine Trophic Index (MTI) and 
species composition of the reported commercial fisheries landings for the whole country were 
used to identify periods of fisheries expansion and shifts in the trophic architecture of the 
landings.  A stable isotope approach was used to estimate resource use and trophic level of 
fishes, comparing these parameters spatially and temporally.  It was demonstrated that it is 
possible to access carbon and nitrogen stable isotope values from preserved fishes, for both 
bulk tissues and specific amino acids, which enabled this work to access ecological 
information from specimens stored in museum samples.  The results demonstrate that 
fisheries industrialization occurred between 1970 and 2000 in New Zealand, increasing MTI 
values and shifting the relative landings composition from inshore to offshore and deep-water 
species over time.  Regional comparisons demonstrated that modern fish communities from 
Otago relied more heavily on macroalgae production when compared to those from Kaikoura, 
linked to higher fishery yields in the former.  When analyzing the same parameters from 
museum specimens collected before the full expansion of industrialized fisheries, modern 
species inhabiting the outer shelf and slope also showed a reduced reliance on macroalgae 
production, together with an increased trophic level.  When considering continuous changes 
in the trophic parameters, environmental factors and prey abundance had a significant 
relationship with the variation of trophic parameters for most fish assemblages.  Trophic 
parameters of the inner shelf assemblage also showed a relationship with MTI throughout 
time, indicating the earlier effects of coastal fisheries.  Although Kaikoura and modern 
communities showed a wider niche breadth compared to Otago and historical samples, 
respectively, tarakihi was the only species to show both regional and temporal trends.  
Tarakihi stocks in the region have been overexploited and are sensitive to habitat degradation, 
which could be linked to the shift in trophic structure observed here.  Furthermore, temporal 
changes in community composition towards a relatively higher abundance of lower trophic 
level species were observed from the analysis of long-term trawl survey data.  Species with 
decreasing abundance that presented shifts in trophic parameters with time, such as red cod, 
had their trophic level and resource use occupied by species with increasing abundance, like 
spiny dogfish.  The present study demonstrates how the trophic structure and composition of 
important commercial communities have changed over time and how they are related to 
natural and anthropogenic effects, with the potential to alter regional fishery yields.  This 
study highlights how uncovering ecological baselines before human impacts is an important 
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The exploitation and use of aquatic resources can be traced through the history of 
mankind.  Prehistorical evidence indicates the consumption of marine fish 40,000 years ago 
(Hu et al., 2009; Muñoz & Casadevall, 1997; O’Connor et al., 2011) and freshwater 
organisms as early as 1.95 Ma (Archer et al., 2014).  The use of both coastal and pelagic 
resources was linked with the development of tools and ability to catch fish, as well as the 
need for increased protein resources with the formation of modern human groups during the 
late stone age (Klein et al., 2004; O’Connor et al., 2011).  With the advent of centralized 
societies, fish commodities became important to most ancient civilizations, including Greek 
(1500 BC), Egyptian (1300 BC) and Mongolian (1306).  For these groups, the importance of 
fish products was commonly registered in painted artifacts, with rich details given to larger, 
most important and abundant fish species (Begossi & Caires, 2015). 
More recently, at the end of the 19th and beginning of the 20th century, fluctuations in 
commercial fish catches in Europe started to emerge as an issue for the fishing industry and 
scientists.  Early studies explained this variation solely as a result of movements of adult 
fishes (Heincke, 1898).  The variability of commercial landings was thought to be due to the 
distribution of the population and not overall production (Solemdal & Sinclair, 1989), and 
fishery resources were considered to be virtually unlimited (Huxley, 1881).  This paradigm 
began to change following novel studies demonstrating the importance of population age 
structure and early life stages to fish production (Dahl, 1907; Hjort, 1914).  Throughout the 
20th century, it became evident that studies on population dynamics, stock assessment and 
oceanography were essential to inform sustainable catch yields and ensure productivity of 
important fisheries (Nature Publishing Group, 1943).  At that time most studies focused on 
Atlantic herring (Clupea harengus, Clupeidae) and Atlantic cod (Gadus morhua, Gadidae), in 
response to high demand for fishing products, especially cured herring from Western Europe 
(Newland, 1999).  
Late in the 20th century, studies were directed towards a holistic understanding of the 
marine environment, with the idea that fisheries could be managed using the knowledge of 
ecosystem processes (Fluharty et al., 1999).  The concept of ecosystem-based management 
(EBM), a holistic approach considering the ecosystem as a whole when applying management 
to natural resources (Fluharty et al., 1999), was first examined during the establishment of a 
management policy in the Great Lakes of North America in the 1970s (Caldwell, 1970).  
Although almost half a century old, some of Caldwell’s thoughts sound contemporary: “…a 
dollar crisis or a Far Eastern war may offer politically defensible but ecologically invalid 
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arguments for delaying efforts to save the Great Lakes from death by pollution.  Today there 
may be higher political priorities, but, ecologically, tomorrow may be too late.”  In the same 
article, Caldwell gave one of the first definitions of ecosystem-based management, which is 
described as having a mission to identify, protect and manage the ecosystem, but also 
preserving human welfare.  The importance of suitable and healthy habitat to fisheries 
sustainability is highlighted in the primary law governing fisheries management in United 
States, first passed in 1976 (Gutiérrez, 2007), but it would take a couple of decades for it to be 
broadly implemented in aquatic ecosystems.  This transition happened in part because of the 
later recognition of depletion of fisheries resources and the need for effective management 
(Fluharty et al., 1999), here called ecosystem-based fishery management.  Since then, EBM 
has been slowly applied globally, with good results towards ecosystem plans (Marshall et al., 
2018) and implementation of milestones (NOAA, 2019).  Likewise, research grants 
supporting investigations and implementations of EBM were recently made available in New 
Zealand (MBIE, 2014).   
Marine communities are subject to natural (e.g. El Niño and Pacific Decadal 
Oscillations) and anthropogenic (climate change, habitat alteration, sedimentation) 
environmental changes, which can affect habitat suitability and prey abundance as well as 
influencing life history traits, distributions, and connectivity between populations (Durante et 
al., 2018; Valdés et al., 2008).  Harvest can have similar impacts on fish communities, 
altering size structure, growth rates, age at maturity and modifying trophic structure 
(Blanchard et al., 2011; Durant & Hjermann, 2017; Fenberg & Roy, 2008; Frank & Leggett, 
1994; Hendry et al., 2008; Palkovacs et al., 2012; Worm, 2005).  Moreover, overexploitation 
can have faster impacts on the structure of fish communities than any other stressor (Jennings 
et al., 1999; Stenseth & Dunlop, 2009), reported being 50% faster than other human impacts 
and 300% quicker than those occurring in natural undisturbed systems (Darimont et al., 
2009).  The result of such changes have the potential to alter how species interact with the 
environment around them and each other (Audzijonyte et al., 2013; Fenberg & Roy, 2008).  
For example, biomass declines of a high trophic level species can have the effect of increasing 
the species' trophic level, since less biomass would be needed to support the community, 
allowing fishes to feed on higher trophic level prey species (Pinkerton et al., 2015b).  The 
indirect effects of fishing, especially trawling, can also have a deleterious effect on non-target 
species and bottom communities, contributing to habitat degradation and reduced fish prey 
availability (Clark et al., 2016; Jennings et al., 2001; Tuck et al., 2017).  Moreover, shifts in 
the food web structure of fish communities can have an impact on ecosystem-wide processes 
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and services, such as nutrient distribution and algal blooms (Brazner et al., 2011; Casini et al., 
2008).   
Shifts in the average trophic level of global landings of commercial fisheries have 
been used to identify dramatic changes in the composition of exploited communities over the 
last century.  The concept known as “fishing down marine food webs” describes a decrease of 
the mean trophic level of fish landings over time (Pauly et al., 1998).  The effect is a result of 
reduced abundance of top predators and increased landings of lower trophic level species due 
to overfishing and catch selectivity.  Abundance of lower trophic level species may be also 
increased by the release of predatory pressure on prey species (Caddy & Garibaldi, 2000).  As 
indicated by Caddy and Garibaldi (2000), reduction in mean trophic level of commercial 
catches can be also a result of environmental changes, market preference and available 
technology, therefore such relationships should be evaluated carefully.  Shifts of fishing gear 
can be quite rapid, substituting techniques completely in a scale of decades and affecting the 
ecosystems in different ways over time (Greenstreet et al., 1999).  This phenomenon is now 
well recognized in the literature and when applied with the right guidelines it can be used to 
identify impacted and overexploited fish communities (Caddy, 1998).   
Because of the effects of long-term anthropogenic activities on the exploited fish 
communities and lack of past ecological data, managers are unable to set management goals 
based on the pre-impacted system in many regions of the world.  For example, current 
management policies for Atlantic Cod on Canada’s Scotian Shelf references the stock 
biomass at 0.3% of pre-industrialized fisheries (Rosenberg et al., 2005).  The shifting baseline 
syndrome has been identified as the process of accepting new fisheries baselines (abundance, 
size, species composition and trophic structure) for each new generation of fisheries scientists 
(Pauly, 1995). This syndrome results in a lack of informed reference points and promotes 
scientific and management policies adjustment to new ecological states with implications to 
the exploited community (McAfee et al., 2020).  Nevertheless, the environment necessary for 
a fish to feed, grow and reproduce, including its associated food web structure, should be 
preserved for sustaining fishery’s yields (Thrush & Dayton, 2010).  Therefore, it is important 
to develop and apply new methodologies that aim to uncover the ecological history of the 
exploited communities to fully implement EBM approaches. 
Trophic level estimates for almost all New Zealand QMS fishes are available on 
Fishbase.org (Froese & Pauly, 2017), a global dataset of fish species, including information 
on taxonomy, life history, diet, genetics, and ecology.  Trophic level estimates are generated 
from diet studies or ecological models, but over 60% of the diet studies for New Zealand’s 
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QMS species were made in Australia or outside New Zealand, indicating a lack of region-
specific knowledge of the ecology of many important commercial species of fish in New 
Zealand waters.  Isotopic analysis can be used to resolve temporal and spatial variability of 
trophic relationships, providing a way to estimate the trophic level and resource use of species 
of interest, including large and highly mobile species (Dale et al., 2011; Hobson et al., 1994; 
Popp et al., 2007).  Carbon and nitrogen isotopes from a fish’s muscle tissue, expressed as a 
deviation from a standard δ13C and δ15N, are the most frequently used for tracking organic 
matter source use and estimate the trophic level of animals (Ramos & González-Solís, 2012), 
providing long-term information of a fish’s diet, ranging from several weeks to months (Fry, 
2006; Mont’Alverne et al., 2016; Skinner et al., 2017).  While δ15N in bulk muscle tissue 
increases substantially when organic matter is transferred between consumers, making it a 
good indicator of a specimen’s trophic level, δ13C presents small trophic fractionation and 
thus better indicates reliance on basal sources of organic matter (Post, 2002).  These metrics 
can be used to resolve the effects of anthropogenic impacts on the interactions between 
organisms and the environment (Bearhop et al., 2004; Hussey et al., 2014).  The use of 
trophic level estimates from different areas is a common practice during large scale ecological 
analysis.  These approaches facilitate the study of large species throughout the vast seascape, 
but fish diets and trophic interactions are known to vary in space and time (Polis et al., 1997; 
Wainright et al., 1993).  To estimate these parameters, one needs to know the δ13C and δ15N 
values of the primary producers supporting that specific food web, which also vary spatially 
and temporally (Kurle & McWhorter, 2017; Trueman et al., 2017).  Isotopic maps of marine 
primary producers, or marine isoscapes, have been used in previous studies to estimate 
trophic structure, movements and delineating stocks of fish species (MacKenzie et al., 2014; 
Wing et al., 2012).  Furthermore, isotopic analysis of specific amino acids (AA) from a single 
muscle tissue sample has been used to remove the need for these isotopic baselines.  While 
δ15N of amino acids that fractionates along the food web (trophic AA) represents a fish’s 
trophic level, other amino acids present no fractionation (source AA) and indicate δ15N values 
from the basal organic matter supporting its diet (Sabadel et al., 2016; Whiteman et al., 2019).  
δ13C of amino acids can be used in the same fashion, with some AA presenting fractionation 
during its synthesis in the fish’s body (non-essential AA) and others retaining δ13C from its 
basal organic source (essential AA) (Larsen et al., 2013; Whiteman et al., 2019).  Therefore, 
the combined use of isotopic values from trophic, source, essential and non-essential amino 
acids can provide information regarding a fish’s trophic level and resource use without 
complete knowledge of isotopic signatures of basal organic matter throughout the seascape.   
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  Although some studies in New Zealand have investigated the trophic dynamics of 
important fish species and communities (Pinkerton, 2011; Pinkerton et al., 2008), few have 
addressed questions of shifts in these dynamics over time (MacDiarmid et al., 2016; Pinkerton 
et al., 2015b) and none of these have applied direct trophic level estimates for the species of 
interest.  The aim of this thesis was to investigate long-term shifts in the trophic structure of 
the exploited fish community on the east coast of the South Island, in order to reconstruct 
ecological baselines for the management of these resources.  Here long-term commercial 
fisheries data were analyzed to examine possible effects of fishing pressure in the 
composition of the fish community in New Zealand and to better understand periods of large 
impacts due to fisheries expansion.  A method to access isotopic information from preserved 
fish muscle tissue from museum collections was developed, to reconstruct ecological 
information from past communities under different fishing pressures.  The natural distribution 
of δ13C and δ15N in the marine suspended particulate organic matter and its relationship with 
the local oceanography was investigated.  δ13C and δ15N values from the most abundant 
macroalgae species were also investigated.  The results provided isotopic baselines of pelagic 
and coastal primary producers for food web analysis along the whole study region.  Short 
term (up to 3 years) and long-term (89 years) variation in the trophic structure of the exploited 
fish community was investigated using bulk and amino acid stable isotopic techniques.  To 
investigate the drivers of those changes, results were compared with trends of fishing history, 
prey abundance and climate variables.  Using data from the east coast of the South Island 
trawl surveys (MacGibbon et al., 2019), patterns of changes in the abundance and size 
distribution of the commercial fish species in the past 28 years were also analyzed.  The 
present thesis is the first study to provide a comprehensive analysis of shifts in the trophic 
structure and composition of commercially important marine fish communities, considering 
well resolved historical baselines and linking the results to the history of fish exploitation in 
New Zealand.  The results of the present study provide important insights into how the trophic 
ecology of fish communities can change in space and time due to natural and anthropogenic 
stressors. 
 
“To facilitate the peer-reviewed publication of the findings presented in this thesis, 
each chapter was written as a stand-alone scientific paper, therefore there is some information 
overlap used throughout the thesis, including the definition of terms and methodology.  
Chapter one and four have been published in peer-reviewed scientific journals, which can be 
found in Appendix A.1.1 and A.4.1, respectively.” 
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Chapter 1                                                                                                    
Shifting trophic architecture of marine fisheries in New Zealand: 
implications for guiding effective ecosystem-based management 
 
“This chapter has been published in the peer-reviewed scientific journal “Fish and 
Fisheries” on the 22nd of April 2020, with contributions from Michael Peter Beentjes and 




New Zealand has led the world in the restoration of marine fisheries since the 
introduction of the Quota Management System in 1986, but challenges remain in minimizing 
the ecosystem-level effects of industrialized fishing.  Existing long-term fisheries datasets 
from 1931 to 2015 were analyzed to resolve trends in important ecological properties of major 
exploited fish communities in New Zealand.  Increases in community dissimilarities of catch 
composition in 1931 and 1972, followed by increasing total landings, highlight major 
expansions of fishing grounds and exploited species during these periods.  Mirroring global 
patterns, the remarkable rise in fishing power, demand and generation of new markets in New 
Zealand have all contributed to this expansion.  Marine Trophic Index (MTI) values of 
landings have decreased together with total catch after the year 2000, reflecting smaller 
catches with a higher composition of lower trophic level species in recent years.  Differences 
in the relative abundance of species estimated between fisheries dependent and fisheries 
independent data were observed, where high-value species displayed better agreement in 
relative abundance between datasets.  Despite being under a quota management system, 
temporal development of MTI values relative to the timing of the industrial expansion of 
fisheries was remarkably similar to those observed in the North Sea and Brazil, with a single 
expansion and decline.  MTI values presented better long-term stability in the United States 
fisheries analyzed.  Analysis of long-term data and the development of well-resolved 
ecological baselines will be the first step towards applying EBM to New Zealand fisheries, in 






1.1.1. New Zealand and global fisheries 
Variability in the abundance of commercial catches of fish has been studied for 
centuries (Huxley, 1881), especially in highly productive and highly populated regions 
(Heincke, 1898; Newland, 1999).  Globally, the abundance of fishing stocks has displayed 
declines over the past several decades (Worm et al., 2009), with changes in commercial fish 
assemblages identified for important fishing grounds in northwestern Europe (Moyes & 
Magurran, 2019), the northeastern Pacific (Levin et al., 2006) and on the 
Newfoundland/Labrador Shelf (Gomes et al., 1995).  Long-term impacts of fisheries have 
included overexploitation of target species, bycatch, and habitat destruction, fundamentally 
altering marine ecosystems worldwide (Hinz et al., 2017; Jackson, 2001; MRAG & IEEP, 
2007; Pauly et al., 1998; Worm et al., 2009).  As an example, North Sea demersal fish stocks 
that had shown signs of recovery during World War II in Europe (1939-1945) were already 
declining again by 1947 (Beverton & Holt, 1993).  The need for more effective management 
systems, or more sustainable fishing practices in the Northeast Atlantic, stimulated studies on 
maximum sustainable yield (MSY), which became a key concept in fisheries management 
(Graham, 1934; Russell, 1931; Schaefer, 1991), enshrined in maritime law. 
Independent of current catch shares and regulations, fisheries are largely managed as a 
series of single-species stocks in many countries, without adequate consideration of trophic 
interactions and ecological complexity across the seascape.  Consequently, single-species 
management disempowers managers from accounting for vital interactions within the marine 
community networks that drive community dynamics and food web structure.  For example, 
European fleets fishing in the North Sea use nonselective gear that often results in large 
amounts of bycatch (Cotter et al., 2002), therefore common metrics used in single-species 
management, such as MSY are not suitable as biological reference points (Mackinson et al., 
2009).   While the concept of MSY remains enshrined in many of the laws that govern 
fisheries exploitation, its usefulness has been reduced to the recognition of “hard limits” to 
avoid over-exploitation of single species (Mace, 2001), and it has been proven repeatedly to 
be unsuitable for multi-species management (Eddy et al., 2016; Larkin, 1977; Walters et al., 
2005).     
Among the wide array of environmental stressors that affect the ecology of marine 
animals, fisheries mortality has resulted in the fastest observed changes in species 
composition, trophic structure and population vital rates within marine communities globally 
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(Fenberg & Roy, 2008).  Here, the consequences of “fishing down marine food webs” are 
broadly recognized in the literature (Fung et al., 2015; Pauly et al., 1998; Shannon et al., 
2014) and are often associated with dramatic changes in community assemblages and trophic 
interactions within and between species (Myers et al., 2007).  Based on these observations, 
the alternative of considering system-level standards and biological reference points that 
incorporate important trophic relationships has been posed as an important step towards the 
more holistic approaches espoused in ecosystem-based management (Thrush & Dayton, 
2010).  Accordingly, understanding the resolution of, and the drivers of long-term changes in 
the trophic structure of exploited communities are critical for developing ecosystem-level 
standards to support ecosystem-based management (Pauly et al., 2003; Pikitch et al., 2004), 
both within New Zealand and globally.  
New Zealand has the ninth-largest Exclusive Economic Zone (EEZ) in the world 
(Migiro, 2018), with an area of 4.3 million square kilometers, or 15.4 times its landmass.  
Since 1978 when the EEZ was declared, New Zealand has held sovereignty to manage 
exploitation, exploration and conservation of biodiversity in the EEZ and an extended 
extensive area for which it has rights and responsibilities including the Ross Sea dependency. 
Hence management decisions made in New Zealand can have a broad impact on global 
marine systems.  According to the Food and Agriculture Organization of the United Nations 
(FAO), between 2013 and 2015, the New Zealand fishing industry was responsible for 0.4% 
of the global capture production of aquatic organisms, a small fraction compared to many 
countries with larger global fishing fleets (Marchal et al., 2016).  For example, Halpern et al., 
(2008) estimated that  41% of the global ocean was moderately or heavily impacted by 
anthropogenic stressors, while New Zealand falls within the low-impact category. 
New Zealand has demonstrated aspirations for sustainable management of fisheries 
starting with its first fishery legislation in 1866 and continuing through the implementation of 
the Quota Management System (QMS) in 1986 (Fisheries New Zealand, 2019).  As a 
corollary, food harvested from the sea in New Zealand has enjoyed a global reputation for 
being safe and sustainably produced (Marine Stewardship Council, 2013, 2018).  
Nevertheless increased pressures for intensification of harvest practice, lack of adequate data 
for stock assessments, unwanted consequences of some management policies on the loss of 
biodiversity and overharvest have challenged this reputation in recent years as the 
environmental footprints of fisheries have become more apparent (Simmons et al., 2016; 
Slooten et al., 2017; Torkington, 2016).  To more fully address the detrimental effects of 
bycatch, discards, habitat degradation and loss of trophic complexity on marine communities, 
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New Zealand has moved towards incorporating the principles of ecosystem-based 
management into fisheries policy.  The application of ecosystem-based management to 
fisheries in New Zealand became a clear goal in 2018, when the Minister of Fisheries, Hon. 
Stuart Nash stated during the Māori Fisheries Conference that “New Zealand has committed 
to moving towards an ecosystem approach to fisheries management by 2020, as it is one of 
our targets under the Convention on Biological Diversity”.  Tantamount to the effective 
application of this approach is a well-resolved understanding of how regulatory measures and 
the trophic structure of marine fish communities have changed during the development of 
industrialized fishing in New Zealand. 
According to the Food and Agriculture Organization of the United Nations (FAO), in 
2016, 59.6 million people were engaged in either fishery or aquaculture activities.  In the 
same year, total fish production for both activities peaked at 170.9 million tonnes, increasing 
more than 800% since 1950.  This growth did not only follow the nutritional needs of 
growing populations, but it also provided products for a higher per capita consumption over 
the past decades.  Today, the world’s per capita fish supply is around 19.8 kg per year, 212% 
of the value in 1960, roughly half provided from farms and half through wild-caught fisheries, 
85% coming from marine environments (FAO, 2020).  With consumption increasing and a 
global stagnation of wild fisheries production in the 1990s, it became clear to the fishing 
industry and governance that the sustainability and productivity of fisheries needed to be 
addressed, especially when the majority of the production comes from relatively few species 
(Monteiro, 2017).  Accordingly, one of the international trends is to shift to considering 
multispecies assemblages in an ecosystem approach to management (Worm et al., 2009). 
Here an account of how management policies have evolved during the modern history 
of fisheries exploitation in New Zealand was provided, along with analyses of time series of 
total fish landings by habitat, and changes in the trophic level and species composition of the 
catch over time.  As a case study with which to compare to international trends, New Zealand 
has several interesting characteristics, including isolated stocks with no shared international 
borders, early development of a quota-based system and a relatively short history of 
industrialized fishing.  Here FAO, Fisheries New Zealand (FNZ, formerly part of Ministry for 
Primary Industries) and Sea Around Us (SAU, Simmons et al., 2016) databases were used to 
compare different sources of information on the catch history of New Zealand’s fisheries 
during the progression of changes in management policy.  Key features of these datasets and 
analyses include the resolution of a time series of the discard rate in fisheries, the changing 
composition of exploited species landings and the expanding scope of exploited habitats 
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represented in the fisheries catch.  Species composition of fisheries landings was used to 
estimate the average of trophic level per-unit-biomass, given the assumptions of static trophic 
levels for each species.  In order to place the findings of the present study in a more global 
context, the trophic level of the commercial catch from fishing grounds in the Americas and 
Europe were compared to the ones found for New Zealand. 
Finally, to investigates the limitations of these catch record data, the trophic level per-
unit-biomass and percentage of average catch by year between fisheries-dependent and 
fisheries-independent data from the east coast of the South Island were compared (ECSI, 
Figure 1.1).  The ECSI is an important region for New Zealand’s commercial and recreational 
fisheries, managed as a single Fishery Management Area (FMA 3, Figure 1.1) for most QMS 
species.  The region has a coastline of 1,490 km, a total area of 205,000 km2 and comprises 
two of the three biggest fishery ports in New Zealand (Lyttelton and Timaru) (Fisheries New 
Zealand, 2016).  The continental shelf along the east coast is heterogeneous, comprised of 
rocky reefs in the north and south, and a sandy gently sloping bottom extending 
approximately 40 km offshore along Canterbury Bight, allowing for the development of an 
extensive inshore trawl fishery.  As a consequence, FMA 3 has been subject to the highest 
trawling efforts in New Zealand waters since the expansion of industrialized fishing, 
measured on Catch Effort Landing Returns (CELRs) (Baird et al., 2011).  Although important 
for both commercial and recreational fisheries, the inshore fisheries have been poorly 
monitored and have had low coverage of observers, discard and bycatch assessment levels, 
increasing the prevalence of unknown stock status for many species (Mace et al., 2014).  
Despite these inadequacies in reporting, standardized scientific trawl surveys have taken place 
since 1991 by Fisheries New Zealand, providing an opportunity to compare fisheries-













Figure 1.1. Map of New Zealand Exclusive Economic Zone (EEZ) divided into Fishery Management 
Areas (FMAs).  Detail is shown for the continental shelf off the east coast of the South Island, where 
the Fisheries New Zealand trawl surveys and most of the FMA 3 inshore fisheries occur. Source: 
LINZ data service 
 
1.1.2. A brief overview of the fishery and management history in New Zealand 
From the earliest development of island-based societies in the Pacific Ocean, the 
economic, cultural and spiritual importance of the marine environment have been blended, 
resulting in communities that guarded and valued the seascape and its resources.  For 
example, in Polynesian culture, a wealth of knowledge and lore has been intimately linked 
with the sea, across which people voyaged to settle in New Zealand, at least 700 years ago 
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(Irwin & Walrond, 2016).  The myth describing the origin of New Zealand (Aotearoa) is told 
to be a result of a fishing trip taken by the demigod Māui-pōtiki, where the South Island 
represents the fishing canoe (Te Waka-a-Māui) and the North Island the large fish caught 
during the voyage (Te Ika-a-Māui, Johnson and Haworth, 2004). 
With the growth of the Māori population in New Zealand and the rising scarceness of 
terrestrial animals such as moa, smaller birds and kiore (Pacific rats), marine organisms 
provided the main protein sources (Haami, 2008; Johnson & Haworth, 2004).  Māori had 
access to a wide range of different aquatic environments and were able to catch kaimoana 
(food from the sea) with an equally wide range of techniques.  Flounder/pātiki 
(Pleuronectiformes), smelt/paraki (Retropinna retropinna, Retropinninae) and 
whitebait/maeha (Galaxiidae) were commonly caught in nets, while kahawai (Arripis trutta, 
Arripidae) and barracouta/mangā, (Thyrsites atun, Gempylidae) were captured using bone 
hooks and flax lines from canoes (Best, 2005; Smith, 2013).  Hāpuku (Polyprion oxygeneios, 
Polyprionidae), blue cod/pākirikiri (Parapercis colias, Pinguipedidae) and smaller reef 
species were also important in the Māori diet (Lockerbie, 1940).  Māori explored both 
freshwater and marine environments around New Zealand, with species such as long and 
short finned eels/tuna (Anguilla spp., Anguilliformes) becoming important dietary and 
cultural components of kaimoana (Paulin, 2007).  A fishing economy based on exchange had 
been developed before the European discovery of New Zealand in 1642 (Wilson, 2005) and 
the arrival of Capt. Cook in 1769 (Cook, 1769).  At that time approximately 85,000 Māori 
were living in New Zealand (Bargh, 2016) and fishing grounds were managed and occupied 
by local iwi (hapū) customarily, using a variety of methods including rāhui (local closures).  
After the Treaty of Waitangi, an agreement signed by representatives of Māori 
leadership and the British Crown in 1840, fishing pressure increased with the mass 
immigration of Europeans who used fishing methods and gear, such as iron hooks and larger 
vessels, that were new to New Zealand.  Although Article 2 of the Treaty granted Māori full 
exclusive and undisturbed possession of their lands and activities, including fisheries, the 
growing European population soon disregarded both the letter and intent of the treaty, and 
local fisheries management through guardianship (kaitiakitanga/tino rangatiratanga) was 
largely lost (Bargh, 2016; Johnson & Haworth, 2004; Lock & Leslie, 2007).  Fishing pressure 
and the demands on the marine environment continued to grow in the twentieth century, 
particularly after inshore fisheries became deregulated in 1963 and the establishment of the 12 
nautical mile Territorial Sea in 1965.  The lack of restrictions and the increased investments 
by the government for intensification of harvest supported the expansion of industrialized 
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fisheries and fishing effort on coastal grounds, especially on established resources, such as 
Bluff oysters (Jackson, 2001).  Together with the domestic fleet, foreign fleets from Japan, 
Russia, and Korea were exploiting fisheries resources within the New Zealand Territorial Sea 
before the declaration of the EEZ in 1978 (Fenaughty & Bagley, 1981).   
With some inshore fisheries showing signs of overexploitation during the 1960s and 
1970s, especially coastal species such as rock lobster/koura and pawharu (Jasus edwardsii 
and J. verreauxi, Palinuridae), snapper/tāmure (Chrysophrys auratus, Sparidae ), scallops/tipa 
(Zygochlamys delicatula, Pectinidae), rig/makō (Mustelus lenticulatus, Triakidae), and school 
shark/tope (Galeorhinus galeus, Triakidae), there was an increase in political pressure to 
develop new ways to better manage New Zealand’s fishery resources (Johnson & Haworth, 
2004).  As a direct result, the world’s first extensive quota management system was 
implemented in 1986 to sustainably manage all significant commercial species within New 
Zealand’s EEZ (Clark et al., 1988).  The objective was to promote stewardship of fisheries 
resources among quota owners, by allocating Individual Transferable Quotas (ITQ) in 
perpetuity, based on catch histories.  The required constant nature of ITQs changed in 1990 to 
a proportion of the total allowable catch (TAC), as previously the government was required to 
compensate reductions of quota for stressed species, provide quota for recreational fishers and 
support the development of new fishing grounds (Clark et al., 1988; Sissenwine & Mace, 
1992).  The regime comprised 27 species at its inception, including commercially important 
species, such as barracouta, blue cod, flatfishes (Pleuronectidae), hoki (Macruronus 
novaezelandiae, Merlucciidae), hāpuku, ling/hokarari (Genypterus blacodes, Ophidiidae), 
oreos (Oreosomatidae), orange roughy (Hoplostethus atlanticus, Trachichthyidae), red 
cod/hoka (Pseudophycis bachus, Moridae), snapper, tarakihi (Nemadactylus macropterus, 
Cheilodactylidae) and common warehou/warehou (Seriolella brama, Centrolophidae) 
(Newell, 2004), reaching a total of 65 species by 2004 (Bess, 2005).  
  Fish stock boundaries for each species were established based on the ten existing 
Fishery Management Areas (FMA) from the sub-Antarctic waters in the south to the 
Kermadec Islands in the north as far out as the 200 nm EEZ (Figure 1.1).  Boundaries of fish 
stocks (QMAs) were considered to be the same as those of the FMA, part of an FMA, or a 
group of FMAs, based loosely on available knowledge of fish distribution, life history, and 
population connectivity.  For example, barracouta stocks were designated as follows: BAR 1 
includes FMAs 1 to 3; BAR 5, FMAs 5 and 6; BAR 4, FMA 4; BAR 7, FMAs 7 to 9; and 
BAR 10, FMA 10 (Fisheries New Zealand, 2019).  Using catch history information, as well as 
biological reference points based on maximum sustainable yield (MSY) for a few species, a 
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TAC and Total Allowable Commercial Catch (TACC) was allocated to each stock (Fisheries 
New Zealand, 2019; Lock & Leslie, 2007).  Subsequently, stock assessments were conducted 
at variable intervals for the most commercially valuable species.  The quota was converted 
into Annual Catch Entitlements (ACE), which provided catching rights to fishers for each 
species over the fishing year.   
The New Zealand system has been criticized because of its lack of flexibility in the 
quota setting process, with few changes in quota allocations since the inception of the QMS 
(Torkington, 2016).  The system was also deemed unsuitable as a multi-species allocation 
strategy, where multi-species maximum sustainable yield (MSMSY) or optimum yield (OY) 
is the basis for management (Dalton et al., 2018; Worm et al., 2009).  In 2019, the New 
Zealand QMS included 100 species allocated into 638 stocks, 70% of which were finfish.  
Although almost half of these stocks lacked significant commercial potential, they represented 
a large component of the marine ecosystems within the New Zealand EEZ and comprised a 
large component of unreported catches. 
Although the QMS has accomplished some of its original objectives, promoting the 
stewardship of fisheries resources by decentralizing ITQs proved to be difficult in the 
prevailing market conditions that favored monopolies.  Quotas have aggregated over time to 
the most efficient and profitable groups, and in 2019 were owned by a small number of 
companies that monopolize the industry (e.g. Torkington, 2016).  The expansion of 
exploitation across marine habitats over the years, combined with the removal of species, 
community assemblage shifts, bycatch, and discards have resulted in distinct changes in both 
the ecological footprint of fisheries exploitation and in the structure of the marine ecosystem 
surrounding New Zealand (Pinkerton et al., 2015b). 
 
1.1.3. Fish landings and ecological trends of New Zealand fish stocks 
New Zealand enjoys several advantages regarding flexibility to improve the 
management of fisheries, being isolated and having a relatively short history of industrialized 
fishing.  The expansion of New Zealand fisheries is characterized by years of heavy 
exploitation by international fleets before the EEZ and the QMS were introduced, expansion 
of the domestic fleet into deepwater habitats, and subsequent declines in several important 
stocks (Fenaughty & Bagley, 1981; Walrond, 2006).  Despite this early history, in 2016 New 
Zealand was regarded internationally to have a relatively functional management plan 
including a clear commitment towards developing ecosystem-based management (EBM) 
(Cryer et al., 2016).  Nevertheless, scientific support for fisheries management lags far behind 
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many other developed nations.  For example, when in 2019 a “Web of Science” search using 
the topic “Fisheries Ecology” by country was made, only 2.88% of these studies originated 
from New Zealand, significantly lower than those from Brazil (5.49%) and Australia 
(11.14%) and not following the rising trend in published studies observed worldwide.  The 
relatively small volume of published literature compared to other countries may be a result of 
relevant research in unpublished reports by Crown Research Institutes, a decrease in fisheries 
research funding since the 1990s (Mace et al., 2014), or the current institutional position that 
fisheries impacts upon marine resources are sufficiently managed by current management 
acts, requiring no further comment (Alder et al., 2010).  The resulting scarcity of independent 
scientific research and assessment advice on QMS species has resulted in relatively fixed 
TACCs over time for a vast majority of stocks, since the introduction of the QMS in 1986 
(Mace et al., 2014).  Consequentially the QMS has treated New Zealand fisheries as if they 
had fixed production over time, with only rare changes in the allocation of catch entitlements. 
In 2016, FNZ reported a commercial catch of 414 thousand tonnes of marine 
organisms, comprising 170 species, most of them managed under the QMS (Fisheries New 
Zealand, 2019).  The management of each of these species was by quota-based controls on 
single-species stocks, with a few combined species that are difficult to target independently.    
For example, the distinct species hāpuku and bass (P. americanus) are managed together 
under the name hāpuku & bass (species code HPB).  Reporting of annual catches has rarely 
surpassed the allocated TACCs, assumed to be a result of the carryover aspect of the ACEs, 
which allows fishers to fish a proportion of uncaught quotas in the next season (Marchal et al., 
2016).  However, the observed pattern might, in part, be the result of unreported discards, or 
more likely in this case, stock productivity well below the allocations.   
An attempt to quantify the extent of discards and bycatch in New Zealand fisheries has 
recently been made (Simmons et al., 2016).  In some cases, discarded fishes were estimated to 
comprise a majority of the fishery catch at sea.  For example, throughout the 64-year time 
series of modeled discard rates, discards comprised over a third of the reported catch during 
61 years (Simmons et al., 2016).  Unwanted catches may have been discarded by commercial 
fishers due to a lack of ACE to cover the bycatch and/or high deemed values, which is a fee 
paid by fishers for landings exceeding the allocated ACE.  Status of many less abundant or 
low-value species caught as bycatch is unknown from fisheries landing data.  The result has 
been that the full effects of fisheries discard and bycatch on the marine ecosystems are largely 
unresolved, though their toll on marine biodiversity has become increasingly apparent in 
recent years (Slooten et al., 2017).  Understanding the trophic and ecosystem effects of 
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fisheries exploitation on relevant species was part of the responsibility of the New Zealand 
Fisheries Act of 1996 and FAO’s best management practices (FAO, 2008), as well as the 
strategy on sustainable exploitation by Fisheries New Zealand (Ministry of Primary 
Industries, 2017).  One of the key issues in this regard has been changes to the marine food 
web structure as a result of overexploitation of key higher trophic level species (Pauly et al., 
1998).  The use of Marine Trophic Index (MTI) and other ecological indices to evaluate 
community changes have become increasingly applied in New Zealand to understand how 
exploited communities have changed over time (Pinkerton et al., 2017).  Here the importance 
of resolving spatial variability in food web structure and temporal variability in trophic level 























To investigate trends in reported fish landings over time, reported landings and 
estimated discards data from between 1950 and 2014 were extracted from Sea Around Us 
(SAU, Simmons et al., 2016), Fisheries New Zealand (Fisheries New Zealand, 2019) and 
Food and Agriculture Organization (FAO, 2020) databases.  Datasets from FNZ also included 
catch reports from the period between 1931 and 1950.  While FNZ and FAO datasets were 
comprised of reported catches and official landings, SAU has also included estimated 
discards, which were calculated through interviews, observations and archival data (Simmons 
et al., 2016).  To assess the uncertainties and efficacy of the SAU dataset, and to identify 
trends in species removal and community change, these data were split into four categories: 
non-identified, non-QMS, QMS group (potentially QMS species, but lacking identification), 
and QMS identified species.  Most of the discard estimates by SAU are allocated to the first 
three groups.  FAO and FNZ datasets comprised reports on 67 common QMS species or 
species codes.  Species codes were used to group difficult to identify species, usually with 
similar trophic level and life history.  To compare datasets, total catch from each of the three 
data sources were plotted against time.  To investigate how fisheries have expanded and 
which ecosystems were most exploited in terms of biomass, datasets were combined, and fish 
species were split into assemblages, based on habitat associations.  The following eight 
habitat groups were used, after Fishbase (Froese & Pauly, 2017): reef-associated, pelagic-
oceanic, pelagic, demersal, bathydemersal, benthopelagic, bathypelagic and pelagic-neritic 
(Table 1.1).  Changes in species richness of the catch during the expansion of industrial 
fisheries in New Zealand were also investigated by plotting the number of species landed by 
habitat over time, independent of biomass.  Total landings were square-root transformed and a 
Bray-Curtis similarity index was calculated between each year from 1931 to 2016 time series 
data.  This transformation was necessary to investigate changes of landings compositions 
comprised of species with different abundances, catch rate and therefore total landings.  
Community similarities and derivates of similarities between successive years were plotted 
against time.  While similarities were calculated in comparison to the year 1931, derivatives 
were calculated by the difference between the similarity values of the successive years in the 
series.  Large variations in the values of the similarity derivates indicate a change in species 
composition of the catch, while stable exploitation of communities could be identified by 





Table 1.1. Description of major habitats of fish species under the Quota Management System in New 
Zealand waters.  Descriptions were compiled from Fishbase and the Food and Agriculture 
Organization of the United Nations online glossaries 
Marine habitat Description  
Reef-associated Individuals that live and feed on reefs 
Demersal 
Pelagic 
Individuals that live and feed near the ocean floor and benthic fauna 
Individuals that live and feed at surface or middle depths not 
associated with the bottom.  
Pelagic-neritic Individuals that live and feed in open ocean above the continental 
shelf drop off, around 200 meters 
Pelagic-oceanic Individuals that live and feed in open ocean beyond the continental 
shelf drop off, with depths of at least 100 meters 
Benthopelagic Individuals that live and feed on close to the ocean floor but also in 
mid and surface waters 
Bathydemersal Individuals that live or feed below the 200 meters zone 
Bathypelagic Individuals that live or feed between 1000 and 4000 meters 
 
The weighted average trophic level of the catch, or MTI, was used to investigate 
trophic level shifts of catches in New Zealand waters over time (Equation 1.1), after Pauly 
(1998), where TL represents trophic level and L the landed weight of species i. Trophic level 
estimates for the 67 species were extracted from Fishbase (Froese & Pauly, 2017) and used to 
calculate MTIs for every year with the combined landings dataset, resulting in the MTI for 
New Zealand waters.  When more than one estimate of trophic level was available from 
Fishbase an average of the values was used.  MTI was then plotted against time and total 
landings to identify trends in landings composition (Pauly & Watson, 2005).  Details of 
species data extracted from Fishbase are available in Appendix A.1.2. 
 
𝑀𝑇𝐼 =  





   
To verify the use of MTI in fish community analyses using fisheries data, MTI was 
calculated with fisheries-independent data from the ECSI trawl survey (MacGibbon et al., 
2019) and compared with the dataset from fisheries landings.  The ECSI inshore trawl survey 
is a standardized survey with the objective to estimate fish abundance, distribution, and length 
and age composition of important species along the continental shelf and slope (10 to 400 
meters of depth) of Otago, Canterbury Bight, Akaroa, and Pegasus Bay region (Figure 1.1).  
Surveys were carried out during May and June in 1991–94, 1996, 2007, 2008–2009, 2012, 
2014, 2016 and 2018.  While the surveys recorded every fish species caught, annual 
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commercial landings data were gathered from the whole FMA 3 for only ten species: tarakihi, 
giant stargazer (Kathetostoma giganteum, Uranoscopidae), spiny dogfish (Squalus acanthias, 
Squalidae), dark ghost shark (Hydrolagus novaezealandiae, Chimaeridae), sea perch 
(Helicolenus percoides, Sebastidae), ling, blue cod, hāpuku, hoki and silver warehou 
(Seriolella punctata, Centrolophidae).  Commercial fisheries data on additional species, 
including gurnard (Chelidonichthys kumu, Triglidae), elephant fish (Callorhinchus milii, 
Callorhinchidae), red cod, jack mackerels (Trachurus spp., Carangidae), rig, common 
warehou, leatherjacket (Meuschenia scaber, Monacanthidae), rough skate (Zearaja nasuta, 
Rajidae), smooth skate (Dipturus innominatus, Rajidae) and barracoota, were available when 
surrounding FMAs were included in the analysis (Fisheries New Zealand, 2019).  Those 
species were chosen due to the availability of data from both datasets and represent the 
majority of the community biomass.  Relationships between the percentages of the average 
catch of fisheries-dependent and independent scientific data between 1991 and 2018 were 
investigated with correlations between the datasets.  Without market or TACC influence and 
unreported discards, a correlation between the two datasets is expected.   
To compare the results found in the present study with exploitation patterns found in 
other major fishing grounds, MTI values collected between 1950 and 2014 from the North 
Sea, Eastern Brazil and the West Coast of the United States were retrieved from SAU (Pauly 
et al., 2020) and plotted with time.  While the Brazilian fishing industry is mostly unregulated 
and continues to present signs of expansion (Fiedler et al., 2017; Perez et al., 2003), 
commercial fisheries in the US and North Sea are well-developed and studied.  Comparing 
the time course of MTI among regions provides the basis for resolving how differences in 
management can have contrasting effects on the exploited community structure.  While wild 
fish exploitation in EU countries are managed through the Common Fishery Policy, US 
fisheries are managed under the Magnusson Stevens Act.  The latter incorporates higher 
uncertainty in policy, have higher influence from advisory councils, undertakes scientific 
evaluation of 90% of the country’s stocks, presents a lower TAC consumption from catches 
and protects fish essential habitat (Battista et al., 2018; Chrysafi & Kuparinen, 2016; 
Gutiérrez, 2007).  Comparison among MTI trends over time provides a quantitative basis for 
comparing each region’s fishing and management history.  These data contribute to our 
understanding of the application of long-term fishery data to management plans for whole 






Independent time series of estimated fish catch and reported landings data from inside 
New Zealand’s EEZ, from SAU, FNZ and FAO are presented in Figure 1.2.  The temporal 
patterns in SAU catch data closely followed those from QMS fish species reported by FNZ 
and FAO.  Nevertheless, a large mismatch in values between FNZ and FAO datasets due to 
interannual differences, especially before the year 2000, was observed.  SAU data indicate a 
significantly higher catch in every single year by including estimated discards (QMS group 
and non-identified species), unidentified at the species level.  Therefore, data from SAU is 
vital for assessing total catch and the proportion of discards by weight, but it does not increase 
the knowledge of individual species catch and landings, habitat exploitation or trophic 
composition of the catch.  While FNZ and FAO data are comparable, especially after 1995, 
FAO included several highly migratory species absent on FNZ datasets, such as bigeye tuna 
(Thunnus obesus, Scombridae) and porbeagle shark (Lamna nasus, Lamnidae). 
Figure 1.2. Estimated catches of Quota Management System (QMS), QMS group, non-identified and 
non-QMS fish species from Sea Around Us (SAU) and reported QMS catches from the Food and 
Agriculture Organization of the United Nations (FAO) and Fisheries New Zealand (FNZ) for the 65 





Shifts in gear use, market demand, and industry expansion had an important impact on 
how fishing pressure was distributed over the EEZ.  Using FNZ combined with FAO data and 
general habitat use from Fishbase (Froese & Pauly, 2017) we explored trends in reported 
landings in New Zealand since 1931, focusing on shifts in the composition of target species 
and habitats exploited by the fishery fleet (Figure 1.3).  The time series demonstrated that the 
expansion in types of habitats exploited and the increasing numbers of landed species 
covaried with the community similarity derivate values (Figure 1.3).  Here, two major fishery 
expansions between 1931 to 1970 and 1972 to 2015 are indicated by increases in the number 
of species and catch landed, resolved by large differences in community similarities among 
years.  Stagnation of these expansions was indicated by decreasing variation and lowered 
values in community similarity derivates (Figure 1.3c). 
Reported landings data in terms of biomass from FNZ and FAO from 1931 to 2015  
were combined with trophic level estimates from Fishbase.org (Froese & Pauly, 2017) for 
each QMS species.  The MTI time series closely matched the pattern observed in the QMS 
species landings, by species and habitat (Figures 1.3a, 1.3b, and 1.4a).  MTI values increased 
during periods of fisheries expansion, related to the inclusion of new habitats and target 
species, declining for well-established fisheries (Figure 1.4a).  The relationship between MTI 
and total reported landings presented a concave downward slope, reflecting a decrease in both 
biomass and trophic level of the commercial catch following a peak of those parameters in the 
late 1990s (Figure 1.4b).  Because hoki is a high trophic level species with large commercial 
landings, it can dominate the average trend of the whole community.  Thus, Figure 1.4 shows 
the pattern based on data including all species and separately, excluding hoki. 
A comparison of MTI between 1991 and 2018, calculated from reported landings and 
trawl survey data, is shown in Figure 1.5.  MTI from both fishery-dependent landing data and 
fisheries-independent trawl survey data presented positive linked signals.  When catches from 
fisheries-dependent and -independent data are compared by individual species (Figure 1.6), it 
becomes clear how the two datasets diverge.  High-value species (e.g. ling) present a much 
more coherent relationship between average abundance and total landings, compared to a low 
value (sea perch) and mostly bycatch (spiny dogfish) species which diverge strongly between 





Figure 1.3. Trends of Quota Management System (QMS) fish species catches from New Zealand 
waters from 1931 to 2015, split by marine habitats (a), the number of species landed (b), and Bray-
Curtis community similarity and community similarity derivates among years (c).  Data source: 
Fisheries New Zealand and the Food and Agriculture Organization of the United Nations.  Habitat 
type data: Fishbase.org 
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Figure 1.4. Relationships 
between Marine Trophic 
Index (MTI) of the 
commercial catch of Quota 
Management System fish 
species among years (a) and 
with trends in the total 
commercial catch (b) in New 
Zealand waters for the 84 
years from 1931 to 2015 for 
all species (black line) and 
excluding hoki (grey line).  
Lines on panel (a) are fitted 
locally estimated scatterplot 
smoothing regression with a 
95% confidence interval 
(grey).  Data source: 
Fisheries New Zealand 
(FNZ) and Food and 
Agriculture Organization of 
the United Nations (FAO).  











Figure 1.5. Marine Trophic Index (MTI) 
calculated by year for fish species from 
commercial landings and Fisheries New Zealand 
trawl surveys in the east coast of the South Island 
since 1991. Graphs were plotted using data from 
20 species caught from within the Fishery 
Management Area 3 (FMA 3) and surrounding 
FMAs (plot a: y = 2.98 + 0.25x, r2 = 0.009) and 
the 10 species caught inside the FMA 3 in both 
datasets (plot b: y = 0.33 + 0.91x, r2 = 0.16).  
Linear fit is represented by the black dotted line, 
with 95% confidence intervals in gray and 1:1 

















Figure 1.6. Relationships between the 
percentage of average catch since 1991 by 
year from reported landings and Fisheries 
New Zealand trawl surveys for ling (plot a: 
y = 12.16 + 0.91x, r2 = 0.2), sea perch (plot 
b: y = 83.53 + 0.18x, r2 = 0.03), and spiny 
dogfish (plot c: y = 97.53 + 0.03x, r2 = 
0.0003) inside the Fishery Management 
Area 3.  Linear fit is represented by the 
black dotted line, with 95% confidence 
intervals in gray and 1:1 relationship plotted 
as a continuous line 
 
 
MTI values from 1950 to 2014 resolved large differences in the time course of 
fisheries expansion between the North Sea, the Eastern Brazilian Shelf and the West Coast of 
the US (Figure 1.7).  While MTI values from the North Sea and Brazil showed one peak and 
decline as fisheries expanded, the peak occurred much earlier in the former, after the late 
1960s, than in Brazil where peaks in MTI were not seen until after 2002.  Patterns in the MTI 
of US commercial landings followed two distinct periods of fisheries expansion, first in the 
late 1960s followed by a decline in the early 1980s and a later peak of MTI in the late 1990s 
(Figure 1.7).  After these periods, the US MTI has presented a decrease and have been 
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currently increasing since 2006.  Each of these changes in MTI records a major expansion of 
commercial fishing into new communities and habitats, but also reflects the country’s ability 
to avoid fishing down their exploited communities. 
Figure 1.7. Average trophic level of the commercial fishing catches per year from the West Coast of 
the United States (a), East Brazilian Shelf (b) and North Sea (c).  Grey and black lines represent 
periods of increase and decrease of MTI values, respectively.  Shaded regions represent the 95% 




New Zealand’s fisheries history can be divided into five distinct periods as indicated 
by the analysis of catch history and fish community data considered in the present study.  
From 1931 to 1950 a coastal fishery developed, targeting the fish communities and abundance 
once exploited by local Māori.  Fisheries during this period were composed of reef-associated 
coastal species and catches were generally small.  In early fisheries, the exploitation of the 
coastal community did not reflect an increase in MTI (Figure 1.4), due to the low average 
trophic level of the coastal fish community, although the fishery did include several high 
trophic level predators, such as hāpuku and sharks (Johnson & Haworth, 2004).  Species 
composition of the landed catch varied largely during this period, reflecting highly diverse 
fisheries and a fleet composed of small vessels with reduced fishing power.  Between 1951 
and 1961 the expansion of coastal fisheries by the local fleet was complete, resulting in a 
steady supply of fish landings (Figure 1.3c), together with a small decrease in MTI (Figure 
1.4a).  The decline in MTI was likely due to a decrease in the abundance of high trophic level 
species in coastal waters.  After 1961 there was an expansion in fishing grounds, assisted by 
new fishing techniques and large international and national fleets exploiting the marine 
resources further offshore, increasing catches of benthopelagic, pelagic-oceanic and 
bathypelagic species.  The exploitation of these new habitats allowed the increase of landings 
of larger sized fish species in 1965, decreasing to past levels after 1979 (Figure 1.8).  
Expansion by international fleets and joint ventures were partially motivated by the 
establishment of New Zealand’s 12 nautical mile Territorial Sea in 1965, granting fishing 
rights only to the national fleet in these coastal waters.  Incentives were also created by the 
government to expand the number of exploited (or preferred) species, including vessel 
subsidies and the construction of coastal freezing plants (Johnson & Haworth, 2004).  During 
this period, the size and mean trophic level of the catch rose to its peak, probably assisted by 
the declaration of the New Zealand EEZ in 1978 and the QMS in 1986.  Similarly, total 
landings were maintained during the expansion of North Sea fishing grounds, despite 
declining fish stocks and dwindling catch rates (Cardinale et al., 2015).  In New Zealand, 
while QMS implementation used fishers’ catch histories to allocate quotas, which could have 
inflated some of the catches before 1986, exclusion of fishing grounds to international fleets 
after the introduction of the EEZ created a peak in landings before 1978, probably associated 
with the future restrictions.  From 1991 to 1999, an increase in benthopelagic habitat 
exploitation due to large catches of southern blue-whiting (Micromesistius australis, Gadidae) 
and hoki resulted in total QMS fish landings surpassing half a million tonnes on six occasions 
by 1999 (see Figure 1.2).  Finally, after the year 2000, derivates of community similarities of 
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landings stabilized close to zero, indicating the composition of a fully exploited community 
(Figure 1.3c), followed by a steady decline in both total weight and MTI starting in the early 
2000s (Figure 1.4b).  
Figure 1.8. Weighted maximum length of Quota Management System fish species that 
comprised catches between 1931 and 2015.  Yearly lengths were weighted by landings 
weight.  Data source: Fisheries New Zealand and the Food and Agriculture Organization of 
the United Nations.  Maximum length data: Fishbase.org 
 
The patterns observed in New Zealand are consistent with trends in the global fishing 
expansion since the 1950s (Swartz et al., 2010) and provide evidence for “fishing down the 
food web” in New Zealand fisheries.  When fisheries exploitation impacts the structure and 
function of marine food webs, this has important consequences for the energetics of fisheries 
production as well as the biodiversity of marine ecosystems (Pauly et al., 1998).  Although the 
community analyses presented in the present study did not include the estimated discards by 
SAU, these are of great importance to access the full impact of fisheries exploitation on the 
marine ecosystem.  These discards are thought to be a mix of low-value species and species 
with high deemed values, a consequence of fishers having insufficient quota to cover extra 
catches, which also promotes ‘high-grading’ of quota species.  The SAU data indicate that 
unreported discards have been a major component of New Zealand catches and this poses 
serious management problems in the context of ecosystem-based management of fish 
communities.   
The analysis of the east coast of the South Island trawl survey data allowed direct 
comparisons between MTI and the proportional reported landings by year between fisheries-
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dependent (reported landings data) and independent data (research trawl surveys) (Figures 1.5 
and 1.6).  MTI analysis that included 20 species from areas within and outside FMA 3 
displayed no clear relationship between datasets (Figure 1.5a).  This was probably because the 
fisheries-independent data were acquired inside FMA 3, while reported commercial landings 
for several species were sourced from FMA 3 and surrounding areas.  However, when only 
species with data sourced exclusively from FMA 3 were analyzed, MTI from both sources 
followed the same general trend (Figure 1.5b).  While scientific surveys were standardized 
spatially and temporally, fisheries landings data were affected by exclusions of bycatch and 
discards, as well as changes in target species and power associated with changes in fishing 
gear, technological advances, engine power, range and number of fishing events (Bishop, 
2006; Chrysafi & Kuparinen, 2016).  The volume of discarded catch in New Zealand waters, 
which were not reported in landings data (Figure 1.2), comprised up to one-third of the fish 
caught by biomass.  Accordingly, divergence in calculations of MTI in the time series of 
fisheries landings and fisheries-independent trawl surveys is expected.  For example, when 
the proportion of average catches by year are compared for individual species, relationships 
differ together with the value and abundance of each species.  Catches of ling, a species with 
high-value but low abundance, had much higher coherence between data sources when 
compared to abundant, low-value species such as sea perch and spiny dogfish (Figure 1.6).  
Sea perch catch had very low correlations, while spiny dogfish catch exhibited no clear 
relationship between fisheries-independent and fisheries-dependent datasets.   
While ling has the fourth-highest export value of fisheries commodities in New 
Zealand (only below arrow squid, hoki and rock lobster -stats.govt.nz), there is no current 
export of spiny dogfish, and sea perch is only sold locally in fish markets.  Spiny dogfish are 
usually caught as bycatch in other fisheries (Fisheries New Zealand, 2019) and discarded at 
sea, or sold as nonspecific ‘fish and chips’ (Manning et al., 2004).  The low values and the 
hardship of hauling and processing those species, especially spiny dogfish, creates an 
incentive for discard, reflected in the species-specific discrepancies found between landings 
and trawl survey datasets.  Similar trends have been discussed in the literature for US waters 
(Fox & Starr, 1996).  Fox & Starr (1996) suggested that these discrepancies are likely related 
to discarding of unwanted species, especially during a multi-species fishery with strict quota 
and by-catch regulations, such as high deemed values.  The disjunction between fisheries-
dependent and -independent data have been investigated in New Zealand waters with similar 
trends observed as those resolved in the present study (Horn & Ballara, 2018), but there are 
some limitations when comparing these datasets.  While fisheries operate throughout the year 
targeting fish aggregations, research surveys are carried out at the same of each year and 
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follow a random stratified sampling design across the seascape (Francis, 1984).  
Consequentially fisheries-independent surveys are the best available tool to quantify fish 
community structure, being free of the inherent and unresolved biases in fishery-dependent 
data.  However, a smaller scale study outside New Zealand that successfully matched both 
fishing and scientific activities in space and time has demonstrated a much better agreement 
between these types of datasets in some situations (Fox & Starr, 1996).  Therefore, 
conclusions about community structure drawn from comparisons between these types of 
datasets should be reached with full resolution of the bias and historical context of the fish 
communities being considered (Costello et al., 2012).  Similarly, methods used by SAU to 
compile MTI values for the North Sea, Eastern Brazilian Shelf and the West Coast of the US 
were different than those used in the present study, including the addition of unreported 
catches (Pauly et al., 2020).  Therefore, although trends in the time series among regions can 
be investigated using these datasets, absolute MTI values should not be compared. 
When the QMS was first introduced in 1986, New Zealand’s fish communities had 
already been impacted by decades of unquantified fishing effort, and ecological baselines had 
likely shifted from an unexploited state.  For example, Fenaughty and Bagley (1981) reported 
a catch estimate of 52,000 tonnes of fish along the east coast of the South Island by a 
Japanese fleet in 1977, summing to 140,000 tonnes when including the entire international 
and domestic fleets.  These landings were eight times larger than the current catch levels for 
the same region (FMA 3; 17,627 tonnes) and well above the multispecies TACC (around 
21,000 tonnes) (Fisheries New Zealand, 2019).  Early reports highlight that before the 
introduction of the QMS and stock assessment studies, fish communities, benthic fauna, and 
the seafloor were likely heavily impacted by fishing pressure, while catches were largely 
unreported.   
In their seminal paper on ecosystem-based management of fisheries, Thrush and 
Dayton (2010) argued that: “Appropriate management must have a fundamental 
understanding of the ecological conditions [or baselines] in the absence, or at least reduction, 
of fishing pressure”.  Resolution of ecological baselines in the absence of fishing should 
include useful ecological indicators that can be incorporated into management goals as 
biological reference points (Arkema et al., 2014).  The unrecorded early patterns in fishing 
along the east coast of the South Island highlight the importance of recognizing patterns in 
exploitation that have occurred in the fish community over the past century, previous to 
regular landings reports.  Accordingly, there is a distinct need for the development of 
fisheries-independent information to understand shifts in community composition, trophic 
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structure and stock distribution leading up to the current industrialized fishing regime.  These 
data become even more important with the recent more holistic appreciation of the impacts of 
multiple stressors on the marine environment.  The synergy between global and local scale 
anthropogenic impacts can affect natural processes, biological resources and ultimately 
ecosystem services that we depend upon (Singh et al., 2017). 
Fisheries induced shifts in community structure can have dramatic impacts on 
ecosystem function, affecting species trophic levels (Popp et al., 2007), food web dynamics 
and reproduction (Jack & Wing, 2010; Persson & Hansson, 1999), organic matter fluxes, 
energetics and distribution of biomass (Udy et al., 2019c, 2019a), and ultimately catch rates 
(Hinz et al., 2017).  In the present study, average trophic levels of individual species were 
retrieved from a large online database (Fishbase.org).  While these estimates are the best 
available data on individual species, the values are subject to geographical and temporal 
variability.  For example, fisheries induced changes in size distributions, community 
structure, distribution of stocks among habitats and food web structure can strongly influence 
intraspecific changes in trophic level (Shackell et al., 2010).  Studies using long-term survey 
data from New Zealand’s Chatham Rise, a major region for offshore fisheries, have 
demonstrated systematic decreases in mean trophic level of individual species as well as the 
proportion of piscivorous and number of large fishes in the food web (Pinkerton, 2010; Tuck 
et al., 2009).  In this context, preservation of intact trophic structure within fish communities 
is necessary to maintain fluxes of organic matter and nutrients through food webs providing 
resilience of marine ecosystems, and should be considered a vital component of essential fish 
habitat (Blanchard et al., 2011; Thrush & Dayton, 2010; Trueman et al., 2014).  
Understanding food web ecology of commercially important species and its spatial and 
temporal variation remains an extant challenge (Udy et al., 2019c; Ward et al., 2016).  
Nevertheless, the principles of ecosystem-based management, with focus on the preservation 
of intact food web structure have been tested at regional scales both internationally and in 
New Zealand waters (Lassalle et al., 2011; Sponaugle, 2010; Wing & Jack, 2013), with 
successful management outcomes (Jack & Wing, 2013; Nicoll, 2018; Wing & Jack, 2014).   
Starting in the 1930’s New Zealand’s fisheries have gone through two major 
expansions, the first development of coastal fisheries culminating in the 1970s and then an 
offshore expansion coincident with the establishment of the EEZ.  While lack of enforcement, 
scientific knowledge and liquidity of the QMS prevented full reporting of catches in the past, 
those data have been used as management baselines to support important management 
decisions throughout the history of New Zealand’s fisheries.  The present study has 
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demonstrated how the trophic architecture of New Zealand fisheries has shifted through time 
and the time frames for the expansion of exploitation across marine habitats in the New 
Zealand EEZ.  Fisheries dependent data were found to be biased towards smaller reported fish 
mortality due to unreported discards, which agreed with the independent comparison between 
fisheries and scientific datasets for the past 29 years in FMA 3.  While the next steps in 
applying EBM to fisheries in New Zealand will likely focus on measures to reduce bycatch 
and discard rates, changes in the trophic structure of the exploited community also need to be 
understood and considered in the management framework, to maintain trophically intact fish 
communities.  The analysis of changes in trophic levels of reported landings provides an 
important step towards understanding the full ecological footprint of commercial fishing in 
New Zealand.  Unlike most countries, New Zealand has full sovereignty over the extent of its 
EEZ, without a need for negotiations with neighboring countries. This allows unilateral 
control over the delivery of environmental advice, fisheries management plans, stakeholder 
communication and quota allocation.  In contrast, fishery grounds inside the Greater North 
Sea are shared between nine nations (Belgium, Denmark, France, Germany, Netherlands, 
Norway, Sweden, England and Scotland), and 6600 fishing vessels (ICES, 2018), which can 
make fishery management decisions and quota allocation difficult.  Moreover, international 
interests can take precedent over the need to address localized scientific data and 
environmental issues, as seen during the implementation of the Multiannual Management 
Plan for the EU’s Western waters in 2018 (Shanahan, 2019).   
The comparison of the time course of MTI in the fisheries of New Zealand, the North 
Sea, the West Coast of the United States and in Eastern Brazil resolved important similarities 
in the patterns of fisheries expansion and decline.  More recently industrialized fisheries in 
Eastern Brazil and New Zealand displayed a late peak in MTI after the year 2000 followed by 
a steady decline in MTI (Figure 1.7).  In contrast fisheries in the North Sea and the West 
Coast of the United States showed early, in the case of the North Sea, and multiple periods of 
expansion and decline in the case of the US fishery. These differences are closely related to 
the history of industrialized fisheries expansion and management in each region but record a 
fundamental emergent property of exploited fish communities.  Analysis of North Sea 
fisheries management in 1987 found a lack of long-term policy planning and scientific 
advisory regarding new policies and the future of fisheries yields, as well as little attention 
paid to multispecies stock management (Gulland, 1987).  Previous analysis of the commercial 
landings from the Northeast Atlantic fisheries reported a decrease in piscivore to 
zooplanktivore ratio coupled with a decrease in landings from 1950 to 1997 (Caddy & 
Garibaldi, 2000).  These results are consistent with the decrease of MTI of commercial 
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landings due to the removal of high trophic level species through fisheries in that region 
(Pauly et al., 1998).  These patterns are commonly found in fully developed fisheries and 
indicate a shift in the trophic structure of the exploited community, coupled with a reduced 
abundance of key species and the need for the rebuilding of stocks (Worm et al., 2009).  
Despite management differences, commercial landings in the North Sea increased after 1970, 
similar to the pattern observed in New Zealand, but both fisheries underwent steep decreases 
of landings in more recent times following peaks in MTI (ICES, 2018).  In contrast, some 
countries have employed more stringent management policies regarding overfishing.  For 
example, in the United States, long-term plans ensuring the sustainability of fisheries in 
specific areas were facilitated by the creation of regional management councils, which work 
directly with their scientific committees and advisory panels (Gulland, 1987; Gutiérrez, 
2007).  Furthermore, marine fisheries are mandated by law to define ‘overfishing’ and rebuild 
overfished stocks within 10 years in US waters (Gutiérrez, 2007; Patrick & Cope, 2014), 
which have resulted in several fisheries-related lawsuits and several fluctuations in landings 
over time (Link & Marshak, 2019).  These policies could be partly responsible for the 
observed temporal pattern of landings and MTI on the west coast of the US EEZ (Caddy & 
Garibaldi, 2000), which display two periods of recovery in the 1990s and today, following 
peaks and declines (Figure 1.7).  In regions where fisheries are still expanding to offshore and 
deeper habitats, such as on the Brazilian shelf, an increase in landings of large piscivorous 
species can still be observed (Perez et al., 2003; Pincinato & Gasalla, 2019), followed by a 
general increase in MTI (Figure 1.7).  But larger landings of demersal fishes in recent years 
and scarcity of long-lived species in local markets could represent early signs of already 
impacted communities (Pincinato & Gasalla, 2019), which can be seen as a decrease in MTI 
values in the most recent years (Figure 1.7).   
Applying effective ecosystem-based management presents a major extant challenge in 
the world’s now fully exploited fisheries ecosystems.  This is particularly difficult when 
catches and reporting have been influenced by market demands and management has been 
based on unresolved and quickly shifting ecological baselines.  Although the importance of an 
ecosystem-based approach to fisheries is recognized internationally (Crowder et al., 2008; 
Garcia et al., 2003), the global overall performance in applied EBM to fisheries remains 
below “adequate” (Pitcher et al., 2009).  The present case study on the history of New 
Zealand fisheries provides several important results that contribute to a general framework for 
the goal of informing effective management of whole fish communities.  Specifically, the 
application of effective ecosystem-based management requires accurate information about 
fish community composition, structure and trophic dynamics, both for fisheries’ present and 
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past states.  In this context, fisheries independent data are essential for resolving historic 
baselines as well as changes to both community structure and trophodynamics in fisheries 
ecosystems.  Here, New Zealand fisheries provide an excellent case study to investigate the 
effects of exploitation on fish communities managed under a quota system.  Inherent biases 
associated with catch data, not only because of how changing fishing power affects catch-per-
unit-effort data but also driven by differences in value applied to different species, or grades 
within a quota system, can incentivize waste in the landed catch, and under-reporting of 
fisheries mortality in an ecosystem.  Temporal analysis of changes in community 
composition, structure and the expansion of fisheries across available habitats provides a 
quantitative method for assessing expansion and the ecological footprint of fisheries.  Here, 
time series derivatives of community similarity, habitat associations and community MTI 
provide a suite of useful metrics for assessing the stress that communities come under as 
fisheries expand.  As seen for New Zealand and overseas waters, accurate information on the 
composition and trophic structure of fish communities, history of exploitation and 
management systems are invaluable for resolving past influences of change in trophic 
structure and ecological baselines as a framework for assessing ecological function in 
exploited systems.  The utility of these metrics to inform ecosystem-based management will 
depend on the quality of the commercial fisheries data, including proper identification of bias 
related to change in market demand and quota through the comparison with fisheries-
independent datasets.  The results of the present analysis and resolution of the history of New 
Zealand’s fisheries provide a valuable case study for informing effective ecosystem-based 












Chapter 2                                                                                                     
Oceanographic transport along frontal zones forms carbon, nitrogen, and 




Characterizing the spatial distribution of 18O in seawater and 15N and 13C of the 
particulate organic pool can be useful in identifying isotopic discriminators of major water 
masses and serve as a baseline for food web and other ecological studies.  Nevertheless, we 
do not know how those isoscapes are distributed and interact with physical oceanographic 
features at relevant scales for large parts of the global ocean.  Here the physical structure of 
the water column as well as seawater δ18O and suspended particulate organic matter δ15N and 
δ13C collected during research cruises in the austral summer of 2017/18 and 2018/19 along the 
east coast of the South Island of New Zealand were analyzed.  Seasonal differences in 
inferred circulation, oceanographic features, and the interaction of Subtropical (STW) and 
Subantarctic water masses (SAMW and SASW) in the study area during the two sampling 
periods were described.  Using a model averaging approach, the relationships between 
oceanographic variables and the 18O, 15N and 13C isoscapes were investigated.  Results 
demonstrate that different environments along the east coast are connected via northward 
transport of STW near the surface and SAMW at depth (220-500 m).  The northward 
transport of STW was associated with nutrient inputs and deepening of the maximum 
fluorescence depth.  The spatial distribution of isotopic values was primarily linked to 
patterns of nutrient input (δ15N), coastal productivity (δ13C) and water mass type (δ18O), with 
nitrate and silicate concentrations being the best predictors of isotopic values. The present 
study was the first to resolve the distribution of δ15N and δ13C isotopes at a regional scale 
along the east coast of the South Island, δ18O in New Zealand Waters and to investigate the 
extent to which these distributions were reflected by the physical oceanography.  δ15N values 
demonstrated significant differences between regions sampled, while 18O had distinct values 
for different depths.  Average values of 18O, 15N and 13C for different fishery management 






Information on the natural distribution of stable isotopes has been used in 
ecogeochemistry to understand movements, diet and stock differentiation in animals 
(McMahon et al., 2013).  The techniques developed have proven particularly useful when 
applied to the study of marine environments, especially when the focal species are cryptic or 
highly migratory, or biological processes occur over large temporal and spatial scales (Ramos 
& González-Solís, 2012).  Isotopic values from a consumer can be retrieved from a single 
tissue sample, providing a cost-effective method for understanding trophic ecology (Popp et 
al., 2007).  Common studies in ecogeochemistry include using both nitrogen (δ15N) and 
carbon (δ13C) isotopic values from animal tissues to identify foraging behavior or migration 
patterns (McMullin et al., 2017; Trueman et al., 2012).  δ15N values display large 
fractionation between trophic levels (between 1.4 and 5.6‰), resulting in large differences in 
δ15N between predator and prey and making δ15N a reliable tool for estimates of trophic level, 
which is an estimate of how high an individual is feeding within a food web (Jack & Wing, 
2011; Post, 2002).  In contrast, δ13C fractionation remains around 0.3 and 0.5‰, preserving 
δ13C values from primary producers throughout the food web, and providing an important tool 
to estimate contributions of alternate organic matter sources to the food web (Fry, 2006; Jack 
et al., 2009; McCutchan et al., 2003).  Because δ15N and δ13C of a consumer’s tissues vary 
relative to those of their prey (i.e. the higher the baseline the higher the consumer’s signature), 
it is critical to understand the processes that influence δ15N and δ13C of primary producers at 
the base of food webs (e.g. Cornelissen et al. 2018).  δ15N and δ13C of suspended particulate 
organic matter (SPOM) have been observed to vary across space, time and relative to 
environmental processes in marine systems (Kurle & McWhorter, 2017).  Consequentially, in 
order to interpret changes in δ15N and δ13C of a consumer’s tissues one must first resolve the 
isotopic landscape, or isoscapes, and the mechanisms driving isotopic variation along 
environmental gradients (Cherel et al., 2008; West et al., 2010; Wing et al., 2007, 2008, 
2012).    
 Although some researchers have successfully mapped δ13C and δ15N at ecologically 
relevant scales (Barnes et al., 2009; Jennings & Warr, 2003; Wing et al., 2012), results for 
New Zealand waters rely heavily on oceanographic modeling for information about spatial 
variability in δ13C and δ15N of SPOM (Magozzi et al., 2017).  The spatial scales resolved by 
such models are generally too coarse (~100 km) to provide useful information for regional 
and coastal studies (Graham & Bury, 2019).  Most of the challenges of building regional 
isoscapes are linked to variability in physical processes in the coastal zone, where inputs from 
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terrestrial and macroalgal productivity may be high, both in the grazing and particulate food 
webs (Udy et al., 2019c, 2019b; Wing & Jack, 2012).  While environmental, and therefore 
isotopic variation, in the open ocean is related to large spatial and temporal scale processes, 
coastal dynamics can have finer scale effects on isotopic values of basal organic matter 
sources, incorporating detrital and macroalgal inputs, leading to distinct spatial heterogeneity 
(McLeod et al., 2010a; Miller et al., 2006).  Processes such as freshwater runoff, sediment 
resuspension and local eutrophication can hamper one’s ability to understand and predict the 
natural distribution of isotopes in coastal waters.  Therefore, to understand isotopic variability 
in coastal waters one needs to relate isotopic values to variables influenced by coastal 
processes.  For example, dissolved silica (SiO2) is transported to coastal zones through 
riverine runoff and represents one of the major nutrients stimulating diatom productivity in 
marine habitats (Treguer et al., 1995).  SiO2 concentrations have the potential to present steep 
gradients in the continental shelf of the east coast of the South Island of New Zealand (ECSI), 
since the region displays up to two times more SiO2 yield in coastal catchments than the 
world’s average (Dürr et al., 2011) and have been used to study coastal processes along the 
ECSI (Vincent et al., 1991).   
Stable oxygen isotope values (δ18O) are also a valuable tracer for the origins of 
oceanic waters and mixing with freshwater sources.  δ18O is only known to fractionate during 
evaporation/precipitation in a Raleigh distillation process and during freeze and thaw events 
in sea ice formation (Frew et al., 1995).  Moreover, many marine organisms have skeletal 
material composed of calcium carbonate, which occurs in the alternate forms of calcite and 
aragonite (CaCo3).  For a majority of organisms, the oxygen bonded in the calcium carbonate 
originates from ambient water (Tohse & Mugiya, 2008).  Oxygen from water masses with 
distinct δ18O values can be incorporated into the calcium carbonate structure and therefore 
information on 18O can be used to infer temporal patterns in environmental conditions 
experienced by organisms (Killingley, 1980; Nelson et al., 1989; Tallis et al., 2004).  Coastal 
waters with riverine inputs from different catchments can receive freshwater with different 
δ18O values (Baisden et al., 2016; Dansgaard, 1964) and have the potential to be applied in 
investigations of oceanographic processes and spatial ecology of marine organisms.  
However, differences among δ18O sources must be considered in the context of the natural 
distribution of δ18O in the study region and its relationship with oceanographic processes.   
The transport of particles, nutrients and other subsidies among marine habitats can 
strongly affect local productivity and enhance biodiversity and abundance of consumers 
(Polis et al., 1997).  Understanding how different habitats are connected by oceanographic 
 
54 
processes at the mesoscale is therefore an important step to understand the mechanisms 
supporting the nearshore marine ecosystem.  Furthermore, by identifying the oceanographic 
variables driving variability in local isoscapes, one may be able to use more conventional 
oceanographic data (e.g. temperature, salinity and nutrient data) and remote sensing to predict 
δ13C and δ15N values of particles and δ18O of seawater in specific regions.  These models can 
become cost-effective tools to investigate the ecology, movement and distribution of 
important marine species.  For example, the spatial distribution of δ13C of pelagic primary 
producers has been successfully used to study the mixing of global stocks of three species of 
tuna along a 16-year period (Logan et al., 2020).    
  The ECSI encompasses a large range of marine environments and oceanographic 
features.  Unique features include the high nutrient low chlorophyll Subantarctic Surface 
Water (SASW) 35-55 km offshore of the southeastern coastline, the most nearshore extent for 
the Subtropical Frontal Zone (STFZ) worldwide (Jones et al., 2013), and numerous submarine 
canyons along the shelf break (100-200 m of depth) offshore of the Otago and Kaikoura 
peninsulas.  Offshore of the ECSI coast, normally warm and salty Subtropical Water is 
modified through mixing with a less saline coastal water mass, referred to as Neritic Water 
(NW), producing modified STW (mSTW).  NW receives freshwater inputs from terrestrial 
and river runoff, most notably from Fiordland along with the Waiau, Mataura and Clutha 
rivers (Hawke, 1992).  Both NW and mSTW travel northward, forming a distinct low-salinity 
coastal (1-16 km offshore) and high-salinity offshore band (16-30 km) respectively (Figure 
2.1) (Murdoch et al., 1990).  Around 30 km from the coast, mSTW interacts and mixes with 
offshore SASW, forming a band of enhanced temperature and salinity gradients along the 
ECSI known as the Subtropical Frontal Zone (STFZ), referred to locally as the Southland 
Front (SF) and associated with the northward flow of the Southland current (Chiswell et al., 
2015; Hopkins et al., 2010; Sutton, 2003).  The interactions between SASW and mSTW take 
place along the entire ECSI and can influence water properties down to 800 m depth (Heath, 
1981; Vincent et al., 1991).  New Zealand’s unique bathymetry, with steep slopes, as well as 
submarine canyons close to shore, act to bathymetrically steer features such as the STFZ as 
they interact with the coast (Morris et al., 2001; Shaw, 2001). These topographic features lead 
to the STFZ becoming relatively stable along the ECSI (Hopkins et al., 2010; Smith et al., 
2013), with much of the variability in the position of the STFZ observed after the front 






Figure 2.1. Map of New Zealand with the most important surface features influencing processes on the 
east coast of the South Island, based on Chiswell et al., (2015).  STW (Subtropical Water), dUC 
(d’Urville Current), STF (Subtropical Front), mSTW (modified Subtropical Water), NW (Neritic 
Water) and SASW (Subantarctic Surface Water).  The Southland Current (SC) and the region where 
the transport of mixed water masses is known as the Southland Front (SF) are also shown.  Arrows 
inside orange lines represent the main flow southward from the Tasman Front.  Light gray shades 
represent depths from 10 to 1000 meters 
 
Marine environments in this region receive nutrient inputs from several sources.  The 
macronutrients, nitrate and phosphate, are thought to be mainly supplied to this region 
landward from the SASW, through advection and/or mixing across the STFZ (Hawke & 
Hunter, 1992; Jones et al., 2013; Van Hale et al., 2010).  In contrast, inputs of micronutrients 
like Fe, Cu and Si are primarily resourced from runoff and sediment resuspension that occurs 
within NW and STW (Butler et al., 1992; Croot & Hunter, 1998; Jones et al., 2013).  The 
stirring and mixing of these water masses near the STFZ are likely responsible for enhancing 
local pelagic productivity, characterized by a phytoplankton community with large diatoms in 
spring and high productivity rates throughout the year (Boyd et al., 1999; Jones et al., 2013).  
Remnants of this productivity have been recorded in the form of phytodetritus at depths of 
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1,200 m in the south of Chatham Rise (~ 44˚S and 178˚E), and it was linked to the dynamics 
of the STFZ (Nodder et al., 2007).   
Much like the Chatham Rise, the Kaikoura Canyon (~ 42˚S) is known to be a highly 
productive marine system and to support large biomass of demersal species, recognized as 
one of the most productive deep-sea environments on Earth (De Leo et al., 2010; Leduc et al., 
2014).  At Kaikoura, primary productivity is potentially enhanced due to several 
oceanographic processes, including nearshore coastal upwelling (Chiswell & Schiel, 2001), 
inflows of mSTW and/or SASW via the Mernoo Saddle (Chiswell & Schiel, 2001) as well as 
gravitational transport of sediments from the coast (Canals et al., 2006).  Moreover, previous 
studies have suggested that the productivity around Kaikoura could be influenced by the 
dynamics of the STFZ via frontal water flowing north through the Mernoo Saddle (Greig & 
Gilmour, 1992; Shaw & Vennell, 2000; Vincent et al., 1991).  A recent study measuring 
stable isotopes in sediment samples and invertebrates has also demonstrated that the structure 
of the invertebrate community from the Kaikoura Canyon is shaped by the higher supply of 
marine-derived organic matter, compared to Canyons on the west coast of the South Island 
(Leduc et al., 2020).  Collectively, these studies demonstrate that oceanographic processes 
play a vital role in shaping local communities and determining δ15N and δ13C values of 
primary producers and consumers along the ECSI. 
The aim of the present study was to better understand the characteristics of the ECSI 
isoscapes, their drivers and the extent to which they were influenced by oceanographic 
processes.  The results provide an important framework for using isoscapes as a tool in 
ecological studies in the region.  Here δ13C and δ15N values of SPOM, as well as δ18O of sea 
water were analyzed and mapped along with temperature, salinity, fluorescence and 
macronutrient concentrations, in order to understand the spatial variability of those variables 
and the relationship between oceanographic variables and isotopes.  The present study was the 
first to use isotope values to elucidate ECSI oceanographic processes at the mesoscale (10 -
100km), as well as to investigate variability in the natural distribution of δ13C, δ15N and δ18O 









2.2.1. Samples and data collection 
All samples were collected during four cruises in the austral summer of 2017/18 
(January, February and March 2018) and 2018/19 (November 2018) along the ECSI (Figure 
2.2) on board of the RV Polaris II.  Vertical profiles of temperature, salinity and fluorescence 
were collected using CTD casts along four transects, OT (Otago), AK (Akaroa), KA 
(Kaikoura) and CS (Cook-Strait) using a Seabird SBE-25 (Seabird Scientific®).  When time 
and weather permitted, CTD casts were also carried out at stations between transects, totaling 
57 casts.  CTD data were filtered and aligned for depth discrepancies following the Seabird 
Scientific guidelines (Sae-Bird Scientific, 2017) before been averaged in 1-meter bins.   
Figure 2.2. Oceanographic transects during 2017/18 and 2018/19 cruises with T-S diagram using CTD 
casts with main water masses represented.  NW (Neritic water), mSTW (modified Subtropical Water), 
SASW (Subantarctic Surface Water), SAMW (Subantarctic Mode Water), AAIW4 (Antarctic 
Intermediate Water with South formation) and AAIW1&3 (Antarctic Intermediate Water with North 




Water at the surface (~1.5 m), maximum fluorescence depth (MF), 150 and 500 meters 
were sampled using a rosette equipped with 12 ten-liter Niskin bottles (Ocean Test 
Equipment®).  Triplicate water samples were taken for nutrient analysis, filtered with a 33mm 
0.45μm nylon filter (Microlab Scientific®) and immediately frozen.  Particles were filtered for 
δ13C and δ15N analysis of SPOM with a pre-combusted (at 400˚C for 4 hours) 47mm 0.7μm 
GF/F filter (Whatman®).  Water was pre-filtered with a 300 μm mesh to remove large 
zooplankton, then filtered until filters clogged to ensure enough material for analysis, they 
were then immediately frozen.  A third set of water samples were collected from surface, 150, 
500 and 1000 meters for δ18O analysis, consisting of 30 ml of filtered water (33mm 0.45μm 
nylon filter) kept in hermetic glass vials. 
 
2.2.2. Sample preparation and laboratory analysis 
Nutrient samples were analyzed for nitrate/nitrite (NOx), ammonia (NH3), 
orthophosphate (PO4) and silica (SiO2) with a flow injection analyzer (Lachat QuikChem® 
8500 Series 2 FIA) using QuikChem® methods for brackish and saltwater at Portobello 
Marine Lab – University of Otago.  Due to low concentrations of nitrite and its small 
importance to the dissolved and particulate N pools in open systems (Sigman & Casciotti, 
2001), we considered that NOx was a measure of nitrate (NO3
-) in the study region.  Small 
zooplankton was manually removed from filters with SPOM samples under a dissection 
microscope, filters were then acidified in a fume with 5% saturated solution of SO2 in water 
(H2SO3) for 8 hours to remove inorganic sources of carbon, oven-dried at 60°C overnight, cut 
in half and packed in an 8x5 mm tin (Sn) capsule for analysis.  Filters were analyzed by the 
Isotrace Laboratory – University of Otago by combustion in an elemental analyzer (Carlo 
Erba NC2500) to CO2 and N2.  The isotopic compositions of the sample gases were measured 
by a Europa Scientific 20-20 ANCA Mass Spectrometer operating with continuous flow.  
Delta values were normalized and reported against the international standards Vienna Pee Dee 
Belemnite (VPDB) and atmospheric nitrogen (AIR) for δ13C and δ15N respectively.  
Normalization was made by 3-point calibration with 2 glutamic acid international reference 
materials and a laboratory EDTA standard (Elemental Microanalysis) for carbon (USGS-40 = 
−26.2 ‰, USGS-41 = 37.8 ‰, EDTA = -38.93 ‰) and nitrogen (USGS-40 = −4.52 ‰, 
USGS-41 = 47.57 ‰, EDTA = -0.73 ‰).  Analytical precision was checked by comparing 
results from analyzed quality control standards EDTA-OAS and IAEA MA-A-1 (Copepod) 
against accepted values.  All measured values for the quality control standards were in the 
range of accepted values.   
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δ18O from water samples was determined by the method of equilibration with CO2 
(Epstein & Mayeda, 1953) by the Isotrace lab – University of Otago.  Half of a millimeter of a 
sample was equilibrated with 12 ml of 0.3% CO2 in helium on a Thermo (Bremen) GasBench 
preparation unit for 18 hours at 25.0 ± 0.1 °C.  The equilibrated gas was measured in 10 
replicates with a Thermo Advantage isotope ratio mass spectrometer (IRMS) in continuous-
flow mode and values more than 1 standard deviation from the average were excluded.  The 
filtered average was corrected to the international VSMOW-SLAP isotope scale using a three-
point calibration provided by three laboratory standards analyzed before and after every batch 
of 84 samples.  In addition, a control sample was measured at every 12th position to correct 
for instrumental drift.  Consensus values for the laboratory standards have been obtained from 
6-year internal laboratory calibration records against primary reference materials, VSMOW, 
GISP and SLAP, external 6-member interlaboratory comparison exercise and by back-
calculation from the ~170 member IAEA interlaboratory comparison exercise, WICO2012.  
The laboratory standards and their consensus values are as follows: ICE (δ18OVSMOW= -
32.097 ± 0.075‰), TAP (δ18OVSMOW = -11.432 ± 0.038‰), SEA (δ18OVSMOW = -0.029 
± 0.036‰). 
Isotope values were reported in the delta notation (δ), i.e. the differences from a 
standard in parts per thousand (‰), according to the following equation: 
 
                                          𝛿𝑖 = (
𝑅𝑆𝑎𝑚𝑝𝑙𝑒
𝑅𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) ×   103                                            2.1) 
 
Where i is the heavier isotope been analyzed and R is the isotopic ratio (abundance of i related 
to the most abundant isotope) in both sample and standard (McKinney et al., 1950). 
 
2.2.3. Data analysis and statistical framework  
To investigate the distribution of distinct water masses, Temperature-Salinity (T-S) 
diagrams were generated for different transects, and water masses were identified using 
definitions from the literature (Table 2.1).  Temperature, salinity, isotopes and nutrients were 
mapped along isosurfaces at surface and MF depth, maps were interpolated using DIVA 
(Data-Interpolating Variational Analysis) algorithm, which is specialized in gridding in situ 
data, taking into account coastlines and bathymetry (Troupin et al., 2012).  Temperature, 
salinity, density, fluorescence, isotopes and nutrient concentrations at different depths were 
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compared between transects along the coast in order to infer water movement and nutrient 
transport in the ECSI.  To investigate the relationships between isotopic values (18O, 15N 
and 13C) and the oceanographic variables (longitude, latitude, depth, sampling season, 
fluorescence, salinity, temperature, NOx, NH3 and SiO2), a global model was fitted following 
an information theory approach.  This procedure generated all possible linear models with the 
oceanographic variables dataset, averaging models with top AICc (Akaike Information 
Criteria corrected for small sample sizes) scores into a single global model (Grueber et al., 
2011; Kurle & McWhorter, 2017).  Models were fitted for all depths and surface separately; 
details can be found in Appendix A.2.1.  Surface δ15N and δ13C values for the Otago coast 
were compared to a long term, 16 year old dataset (Van Hale, 2003) to check for seasonal and 
interannual effects on the values found in the present study, and to test their application in 
future ecological studies.  To identify differences between relevant regions and depths of δ15N 
and δ13C of SPOM and δ18O of water, a non-parametric Wilcoxon’s test was used.  Averages 
(± SE) of δ15N and δ13C of SPOM, and δ18O of water were calculated and reported for 
ecologically relevant regions to inform ecogeochemistry studies within the ECSI.  
Assumptions related to linear models were checked with residual plots (by predicted values, 
by row and normal quantile).  Analyses were carried out using the software Ocean Data View 
5.1.7 (Schlitzer, 2018), JMP 14.0.0 (SAS Institute, 2018) and R 3.5.2 (R Core Team, 2020). 
 
Table 2.1. Temperature, salinity and depth distributions of the main water masses along the 
east coast of the South Island retrieved from the literature 
Water mass name Acronym 
Temperature 
(°C) 
Salinity (PSU) Depth Reference 
Neritic Water NW > 12 < 34.6 Surface (Jillett, 1969) 
Subtropical Water STW > 15 35.1 Surface (Hamilton, 2006) 
Modified Subtropical 
Water 
mSTW > 12 > 34.6 0-200 m (Jillett, 1969) 
Subantarctic Surface 
Water 
SASW < 12 < 34.5 0-500 m  (Jillett, 1969) 
Subantarctic Mode Water SAMW 7.5 - 8 34.3 - 34.55  100-400 m (Hasson et al., 2012) 
Southern Antarctic 
Intermediate Water 
AAIW 4 3.5 - 10 < 34.4 500-1300 m 




AAIW 1&3 3.5 - 10 > 34.45 500-1300 m 









2.3.1. Oceanography of the ECSI  
During both sampling seasons, the water mass distribution was broadly consistent with 
descriptions given in the literature (Jillett, 1969; Jones et al., 2013).  Overall, coastal surface 
waters along the ECSI (< 5 m depth) displayed low salinity (< 34.5 PSU) and high 
temperature values (> 12˚C) (Figure 2.2).  These values are consistent with the signature of 
NW (Jillett, 1969) and were detected between 0-12.4 km of the coast in Otago, 0-10.9 km in 
Akaroa and 0-2 km north of Kaikoura.  Offshore of the coastal NW band, at distances of 13 to 
62 km in Otago, 11 to 60 km in Akaroa and 2 to 18.6 km in Kaikoura, temperature and 
salinity values were similar to values previously reported for mSTW in this region 
(temperature < 12˚C and salinity > 34.5 PSU (Jillett, 1969)).  Signatures of SASW (< 12˚C 
and < 34.5 PSU) were detected in surface waters offshore of the mSTW band along the Otago 
coastline and Banks Peninsula but were not found offshore of Kaikoura. 
 T-S diagrams (Figure 2.3) showed marked variability in water column properties and 
structure between the 2017/18 and 2018/19 cruises.  Coastal and offshore waters were 
generally cooler and fresher during the 2018/19 cruise (Figure 2.3), with a large decrease in 
surface temperature between 2017/18 and 2018/19 in Otago (5˚C in OT8) and along the other 
transects (2˚C in AK4, AK5, KA5 and CS3) (Figure 2.3).  A subsurface salinity maximum 
was recorded in the Subantarctic Zone offshore of Otago (OT8) between 140 and 260 m depth 
and with a density of 26.8-26.85 kg m-3 during both cruises.  Underneath these features, a 
layer with reduced temperature variability was measured between 230 and 400 m in 2017/18 
and 220 to 350 m during the 2018/19 cruise, represented by a thermostad of 7.5-7.7˚C (Figure 
2.4).  Measurements collected in the Mernoo Saddle, offshore of Akaroa showed a similar 
feature between 450 and 500 m in the 2017/18 (AK4 and AK5) and 2018/19 (AK5 only) 
cruises.  The density of these features lay between 26.85 and 26.90 kg m-3 and seems likely to 
indicate the presence of Subantarctic Mode Water (SAMW) traveling northward in the 








Figure 2.3. T-S diagram for CTD vertical transects along the east coast of the South Island during 
2017/18 (a) and 2018/19 (b) sampling seasons, with indication of the different water masses.  NW 
(Neritic water), mSTW (modified Subtropical Water), SASW (Subantarctic Surface Water), SAMW 
(Subantarctic Mode Water), AAIW4 (Antarctic Intermediate Water with South formation) and 
AAIW1&3 (Antarctic Intermediate Water with North formation). 
 
To understand how oceanographic variables vary spatially along the ECSI, isosurfaces 
of T, S, fluorescence, NOx, NH3, PO4, SiO2, δ
13C, δ15N, C:N and δ18O were examined at the 
surface and the depth of the maximum fluorescence (Figures 2.5 and 2.6; Appendices A.2.2 
and A.2.3).  NOx and PO4 concentrations were positively correlated at surface throughout the 
region (r2 = 0.94 and p < 0.0001, Appendix A.2.4), with high concentrations in offshore 
waters south of Akaroa (OT7, OT8, AK4 and AK5).  In contrast, SiO2 and NH3 showed 
markedly different patterns (Figures 2.5, 2.6; Appendices A.2.2 and A.2.3).  In 2018/19 there 
was a clear increase in SiO2 and NH3 concentrations inshore along the Otago region, with a 
simultaneous decrease in both δ13C, δ15N and C:N ratio of SPOM and δ18O of seawater 
(Figure 2.6).  Distributions of oceanographic parameters showed similar trends at the surface 
and MF depth for most variables (Figures 2.5 and 2.6; Appendices A.2.2 and A.2.3).  One 
exception was the advection of cooler surface water through the Mernoo Saddle evidenced by 
a northward tongue of cold water, which was more evident near the surface.  T, S and NOx 
values at MF depth presented a similar distribution, from the Otago shelf (station OT3) to the 
south of Kaikoura in the 2018/19 cruise (Appendix A.2.3).  This trend was also observed for 
δ15N values of SPOM.  MF depths varied between 8 and 80 m for the whole region (average ± 
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SE of 26.8 ± 1.84) and were usually located at the depth of the thermocline.  MF depths along 
the region showed variations between the 2017/18 and 2018/19 cruises.  While samples from 
2017/18 showed a deeper MF depth close to Otago coast (~ 40 m), this layer was much 
deeper north of Banks Peninsula (35 and 80 m) in 2018/19 than in the previous cruises 
(Appendix A.2.5).  When the integration of fluorescence values was calculated between the 
surface and 150 m, higher average values were observed for all the transects in the 2018/19 
cruise (Figure 2.7), although the differences in fluorescence might be attributed to the high 
variability observed between stations. 
Figure 2.4. Temperature profile and its deviation at depth (deltaT) of a subset of the CTD casts 
from offshore Otago (OT8) and Akaroa (AK4 and AK5) from 2017/18 and 2018/19 sampling 




 δ18O values from surface waters were very similar for all regions and were usually 
above 0.2‰, except south of Akaroa where samples encompassed values from -0.32 to 
0.49‰.  When δ18O values at 150 m were compared, two groups showed similar values along 
the ECSI, one formed by stations closer to shore, OT3 (0.37‰), Ak-Ka4 (0.33‰), KA5 
(0.39‰) and CS3 (0.33‰) and other by stations further offshore, OT4 (0.22‰), AK4 
(0.26‰), AK5 (0.22‰), KA4 (0.24‰) and CS2 (0.26‰), although CS2 is placed more 
inshore than CS3.  At 500 m δ18O signatures were similar between samples north of Akaroa 
during the 2018/19 cruise, Ak-Ka5 (0.15‰), KA4 (0.14‰) and CS3 (0.14‰).  Similar values 
of δ18O were also found at 500 m between offshore Otago (0.05 ± 0.04 in OT4, OT7 and 
OT8) and Kaikoura (0.11 ± 0.03 in KA3, KA4 and KA5), but values from Akaroa transect 
were much higher (0.21 ± 0.07 in AK4 and AK5).  The same pattern seen for δ18O at 150 m 
was observed for SiO2 concentrations, where OT3 (6.25 µM), OT4 (6.62µM), AK4 (7.28µM), 
Ak-Ka4 (6.68µM), Ak-Ka5 (6.82µM), KA4 (6.41µM), KA5 (7.22µM) and CS3 (6.2µM) 
displayed similar values, but this pattern was not observed in any other depth sampled. 
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Figure 2.5. Isosurfaces of oceanographic variables along the east coast of the South Island 
during austral summer 2017/18 at the sea surface 
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Figure 2.6. Isosurfaces of oceanographic variables along the east coast of the South Island during 





Figure 2.7. Average integration of fluorescence values between surface and 150 meters for 
each transect.  Bar colors correspond to data collected during 2017/18 and 2018/19 sampling 
season, with its respective standard errors 
  
2.3.2. ECSI marine isoscapes 
Variables included in the global multimodel approach were temperature, salinity, 
sampling season, latitude, longitude, fluorescence, ammonia, NOx and SiO2.  Correlations 
between variables at different depths were tested using a Pearson correlation coefficient (r), 
where minimum (-1) and maximum (1) values indicate a perfect negative and positive 
correlation between pairs of variables.  Concentrations of NOx and PO4 were correlated for 
water samples collected at the surface, MF depth and 150m throughout the whole region (r < -
0.67), therefore PO4 was excluded from the multimodel fitting.  Isotopic signatures of SPOM 
ranged from -2.88 to 9.11‰ for δ15N and -27.77 to -15.72‰ for δ13C throughout the whole 
region, with a larger variation of δ15N south of Banks Peninsula and δ13C northwards (Figures 
2.5 and 2.6; Appendices A.2.2 and A.2.3), while δ18O varied between -0.32 and 0.55‰.   
Five out of 512 models were within the lowest AICc models (delta AICc < 2) and were 
averaged for δ13C and δ15N prediction, the number of models for δ18O within the two lowest 
AICc was of eight.  When analyzing only samples at surface, the number of averaged models 
were higher for δ13C (38) and δ18O (10) and lower for δ15N (4).  Latitude, longitude, NOx, 
SiO2 and temperature were good predictors for δ
13C including all depths (Table 2.2), while 
δ13C values at the surface were only predicted by SiO2 at a p < 0.1 level.  Predictors of δ
15N 

























sampling season.  When only surface samples were analyzed, NOx was the only predictor for 
δ15N (p < 0.0001).  δ18O values among all depths were best predicted by NOx, SiO2, 
temperature and salinity, similarly to δ15N, δ18O at the surface were only predicted by NOx (p 
< 0.0001).  A table with the results from models at surface can be seen in Appendix A.2.6.   
 
Table 2.2. Summary fit of the average of models with lowest AICc (delta < 2) predicting δ
13C, 
δ15N and δ18O along the east coast of the South Island.  Relative importance is the proportion 


















Although the averaged model indicates that latitude and longitude were good 
predictors for δ13C, linear regressions only from values collected at 150 m showed significant 
weak linear relationships between the variables, slope = 0.36 ± 0.13, r2 = 0.24, p  =0.01, n = 
26 for latitude and slope = 0.47 ± 0.17, r2 = 0.25, p = 0.01, for longitude.  Conversely, δ13C 
displayed a weak negative relationship with SiO2 at MF depths (r
2 = 0.32, p < 0.0001, n = 53), 
δ13C Estimate Adjusted SE Relative importance p-value 
(Intercept) -23.96 0.16 - < 0.0001 
Latitude -1.69 0.61 1.00 < 0.01 
Longitude 2.56 0.60 1.00 < 0.0001 
NOx 2.33 0.67 1.00 < 0.0005 
SiO2 -1.78 0.46 1.00 < 0.0005 
Temperature 1.87 0.61 1.00 < 0.005 
Depth 0.13 0.45 0.20 0.77 
Fluorescence  0.05 0.16 0.20 0.78 
Salinity -0.03 0.12 0.20 0.81 
Ammonia 0.03 0.14 0.20 0.82 
δ15N         
(Intercept) 6.19 0.20 - < 0.0001 
Latitude 0.09 0.34 0.20 0.79 
Longitude 1.59 0.45 1.00 < 0.0005  
NOx -6.20 0.92 1.00 < 0.0001 
SiO2 2.01 0.58 0.60 < 0.001 
Temperature -2.27 1.10 0.20 < 0.05 
Depth 5.20 1.00 1.00 < 0.0001 
Fluorescence  -0.37 0.39 0.60 0.34 
Salinity 0.11 0.22 0.40 0.61 
Sampling season -1.66 0.51 1.00 < 0.005 
δ18O     
(Intercept) 0.30 0.02 - < 0.0001 
Latitude 0.03 0.03 0.50 0.35 
Longitude 0.01 0.02 0.25 0.72 
NOx -0.35 0.08 1.00 < 0.0001 
SiO2 0.09 0.04 1.00 0.05 
Temperature -0.22 0.09 0.75 < 0.01 
Fluorescence  -0.04 0.05 0.50 0.48 
Salinity 0.04 0.02 1.00 < 0.05 
Sampling season -0.06 0.04 0.75 0.19 
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while NOx was significantly correlated with δ
13C at 500 m (slope = -0.97 ± 0.28, r2 = 0.67, p  
=0.01, n = 8).  No relationship between temperature and δ13C was identified.   
 Depth was a good global predictor for δ15N values but showed no linear relationship in 
the whole region (r2 = 0.06, p = 0.002, n = 170).  Longitude also displayed a high predictive 
power for δ15N among all depths, with an increase of 1.12 ± 0.24‰ (n = 73, r2 = 0.24 and p < 
0.0001), 1.26 ± 0.25‰ (n = 57, r2 = 0.31 and p < 0.0001), 0.97 ± 0.2‰ (n = 26, r2 = 0.49 and 
p < 0.0001) and 0.49 ± 0.22‰ (n = 11, r2  = 0.36 and p = 0.05) per degree of longitude at 
surface, MF, 150 and 500 meters, respectively.  The same trend was seen for temperature, 
which varied together with depth and longitude values.  δ15N had a negative linear 
relationship with NOx at the surface (r
2 = 0.85, p < 0.001, n = 73) and MF depths (r2 = 0.65, p 
< 0.001, n = 53).  SiO2 also covaried with δ
15N at the MF depth but presented a weak linear 
relationship (slope = -0.63 ± 0.2, r2 = 0.16, p = 0.003, n = 53) and a skewed residual normal 
quantile plot, which might hinder the linear comparison of those variables.  
 Temperature and salinity were good predictors of δ18O (Table 2.2), but linear 
regressions at different depths demonstrate that these relationships are only significant at 150 
m for temperature (slope = -0.03 ± 0.006, r2 = 0.18, p < 0.001, n = 102), and at the surface 
(slope = 0.29 ± 0.05, r2 = 0.34, p < 0.001, n = 63) and at 150 m (slope = 0.54 ± 0.07, r2 = 0.69, 
p < 0.001, n= 26) for salinity.  δ18O values also had a weak negative linear relationship with 
NOx between all depths (r
2 = 0.18, p < 0.001, n = 102).  The same trend was seen for SiO2, but 
they were only significant at 500 m (r2 = 0.48, p = 0.04, n = 9). 
Significant differences in isotopic values of SPOM between south and north of Banks 
Peninsula were observed for δ15N at surface and at MF depth (Wilcoxon test, p < 0.05, 
Appendices A.2.7 and A.2.8).  Average ± SE of δ15N values were significantly smaller in 
Otago and South Akaroa (statistical areas 24 and 22) than in North Akaroa and Kaikoura 
(statistical areas 20 and 18) (Table 2.3).  δ13C of SPOM and δ18O of seawater at equal depths 
did not display significant differences between regions, but differences in δ18O values were 
observed between surface (0.28 ± 0.02‰), subsurface (0.27 ± 0.03‰ at 150 meters) and deep 
waters (0.13 ± 0.04‰ at 500 and 0.1 ± 0.07‰ at 1000 meters) (Appendix A.2.9).  To verify 
the long term stability of isotopic values of SPOM collected in the present study and its utility 
for ecological analysis, δ15N and δ13C values from surface SPOM sampled around Otago were 
compared with a 3-year long, multi-seasonal study along the same transect (Van Hale, 2003).  
Although δ15N values were significantly higher in the present study, F1,220 = 16.61, p < 0.001, 
both δ15N (3.32 ± 0.79‰) and δ13C (-23.42 ± 0.54‰) average values from the present study 
 
70 
felt within the ranges of samples collected by Van Hale et al (2003) (3.20 ± 0.25‰ and -23.77 
± 0.2‰, respectively). 
  
Table 2.3. Average ± SE of δ15N and δ13C of SPOM samples from both sampling periods, and 












Region (statistical area) Depth (m) δ15N δ13C δ18O 
Marlborough Sounds (17) 0 5.93 ± 0.11 -23.4 ± 1.47 0.36 ± 0.04 
 30 5.86 ± 0.44 -25.48 ± 0.74 - 
Kaikoura (18) 0 7.02 ± 0.15 -23.33 ± 0.48 0.31 ± 0.02 
 30 6.9 ± 0.21 -22.97 ± 0.46 - 
 150 7.74 ± 0.31 -22.89 ± 0.38 0.28 ± 0.02 
 500 7.74 ± 0.25 -24.52 ± 0.29 0.11 ± 0.02 
North Akaroa (20) 0 7.19 ± 0.29 -23.34 ± 0.82 0.35 ± 0.05 
 30 7.59 ± 0.41 -22.92 ± 1.38 - 
 150 7.38 -20.72 0.39 
 500 7.39 -21.47 0.30 
South Akaroa (22) 0 3.8 ± 0.72 -23.77 ± 0.38 0.24 ± 0.04 
 30 3.92 ± 0.83 -23.99 ± 0.37 - 
Offshore Akaroa (23) 0 6.95 ± 1.09 -21.5 ± 0.67 0.35 ± 0.07 
 30 7.24 ± 1.01 -22.04 ± 0.46 - 
 150 7.07 ± 0.36 -23.74 ± 0.44 0.26 ± 0.02 
 500 7.64 ± 0.17 -23.93 ± 0.23 0.21 ± 0.07 
Otago (24) 0 2.99 ± 0.72 -23.49 ± 0.48 0.21 ± 0.04 
 30 2.62 ± 0.6 -24.08 ± 0.56 - 
 150 4.68 ± 0.63 -24.65 ± 0.3 0.2 ± 0.04 
 300 6.38 ± 0.11 -25.23 ± 0.37 - 




 Understanding the variability and drivers of δ15N and δ13C from the pelagic organic 
pool is the first step to enable studies of isotopic ecology across any seascape.  Contributions 
from coastal environments from freshwater runoff play important roles in the marine organic 
pool and must be considered.  Accordingly, isotopic studies should consider all important 
baselines when modeling complex food webs.  Similarly, resolving the spatial variation of T, 
S, δ18O and macronutrients in seawater can help one to elucidate connections among 
environments through water mass movements and determine important subsidies of organic 
matter among habitats.  
 
2.4.1. Ocean connectivity along ECSI 
Surface water temperature values were highest during the 2017/18 austral summer, 
probably due to the effect of the most intense heatwave ever recorded in the region (Salinger 
et al., 2019).  The heatwave resulted in an increase of an average of 2˚C in SST in coastal 
New Zealand waters, which was recorded in the present study, peaking in January 2018 at 
3.2˚C.  These effects were also coupled with a negative Oceanic Niño Index (ONI), that could 
be related to the higher evaporation rates and decrease in rainfall and presumably freshwater 
inflows to the ECSI in January 2018 (Macara, 2015), potentially explaining the relatively high 
surface salinity values observed during the first sampling period (Figures 2.3, 2.5 and 2.6).  
High surface temperatures measured during the 2017/18 austral summer, mainly in coastal 
regions, in some cases confounded the identification of water masses solely by temperature.  
Nevertheless, information on variability in salinity across the study region indicated the 
reduction of NW influence over the inner continental shelf during the dry summer of 2017/18 
compared to 2018/19 measurements (Otago Regional Council, 2020).  While freshwater from 
rainfall has a more negative δ18O value than seawater in New Zealand (Baisden et al., 2016), 
oceanic waters along the ECSI receive important SiO2 inputs from freshwater runoff, 
primarily the Clutha River, in the Otago region (Jones et al., 2013; Vincent et al., 1991).  High 
concentrations of SiO2 and negative values of δ
18O close to the Otago coast in 2018/19 
indicated the influence of freshwater runoff into the adjacent ocean.  These features were 
coupled with a peak in ammonia concentrations, which could have been caused by export 
from local estuaries and can have implications for primary production on the shelf 
(O’Connell-Milne et al., in review).  Elevated rainfall during the 2018/19 sampling season 
could also have favored the input of freshwater and the export of nutrients from estuarine and 
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riverine systems (Otago Regional Council, 2020), contributing to the elevated nutrient 
concentrations observed. 
Water masses are transported northward along the ECSI, both near the surface (Shaw 
& Vennell, 2000) and at depth (Greig & Gilmour, 1992).  In the present study, δ15N, 
fluorescence, NOx and PO4 values near the surface and at MF depth demonstrated a similar 
distribution and extending from the Canterbury Bight, around Banks Peninsula inshore of the 
Mernoo Saddle, with this feature reaching as far north as Kaikoura.  These features were 
characterized by temperature and salinity values as a band of mSTW.  Similarly, water masses 
from Otago at 150 m displayed similar densities, δ18O and SiO2 concentrations when 
compared to waters at Akaroa, Kaikoura, and Cook-Strait.  The observations indicated a 
continuous flow of mSTW along the ECSI inshore of the Mernoo Saddle, at least from 
surface waters to 150 m.  It is also notable that there was a northward decrease of surface and 
subsurface nutrient concentrations that coincided with increased δ15N of SPOM, suggesting 
nutrient intake by the phytoplankton community (Sigman & Casciotti, 2001).  Therefore, 
northward transport of NOx and PO4 by the band of mSTW appeared to be particularly 
important for primary producers in the regions north of Akaroa.   
There was evidence for year-to-year variations in primary production along the ESCI, 
which may have been driven by seasonal and/or oceanographic-induced variations in water 
column stratification.  During summer 2017/18, there were lower integrated values of 
fluorescence along the length of ECSI, from Otago to Cook Strait at depths between surface 
and 150 m compared to summer 2018/19 (Figure 2.7).  It was also notable that waters in these 
regions were more strongly stratified during summer 2017/18, inferred by the MF depth 
(Appendix A.2.5).  These year-to-year differences in patterns of productivity and stratification 
may be related to the seasonal nature of the research cruises conducted during the present 
study.  While the 2017/18 sampling season occurred in January, February and March of 2018, 
the 2018/19 cruise took place in November 2018, representing the end and start of the 
stratified summer period, respectively.  It also seems possible that differences in patterns of 
oceanic productivity observed between years could have been driven by the varying influence 
of mSTW on stratification in the waters north of Akaroa.  North of Akaroa, eddies from the 
Wairarapa current (part of the southward flow from the Tasman Front) have been 
demonstrated to drive a southward influx of warm, stratified, low-nutrient STW close to 
Kaikoura coast (Greig & Gilmour, 1992), whilst reducing northward transport of nutrient-
richer mSTW and SASW via Mernoo Saddle.  Oceanic productivity can be reduced by such a 
shift toward a stratified, warm and nutrient-poor environment, through inhibition of vertical 
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nutrient fluxes (Da Silva et al., 2017; Goldman et al., 1996).  Thus, a reduction of northward 
transport of higher nutrient mSTW, driven by both seasonal and oceanographic processes, 
might have reduced nutrient concentrations and therefore productivity north of Akaroa during 
summer 2017/18 (Vincent et al., 1991).  Similarly, the 2017/18 marine heatwave (Salinger et 
al., 2019) could have caused the observed increase in stratification, leading to weak vertical 
mixing and low nutrient flux, resulting in lower productivity levels.  Chiswell and Sutton 
(2020) suggested that high SST north of Akaroa is related to low sea surface chlorophyll and 
that these patterns are correlated with shallower winter mixing layers, driven by ocean 
warming.  Because of these processes, it was also indicated that primary productivity will 
likely decrease north of Akaroa due to ocean warming under future climate scenarios, with 
either neutral or positive changes in productivity in the southern regions and along the STF 
(Chiswell & Sutton, 2020).  These processes could have a large effect on the local food webs 
along the coast.  For example, intrusion of SAW through Mernoo Saddle and its interaction 
with STW have been pointed as an important factor driving the abundance of both low (Mills 
et al., 2008) and high (Guerra, 2018) trophic level species along the coast of Kaikoura.  The 
results from the present study suggest that productivity in the region was enhanced by 
northward transport of mSTW through the Mernoo Saddle, and that this could potentially be 
impaired by global (atmosphere-ocean interactions), regional (ocean circulation) and local 
(freshwater runoff) dynamics, which were likely to have impacted the magnitude and 
distribution of primary production. 
Below the upper layer of the ocean, there was further evidence for connectivity along 
the ECSI.  CTD casts evidenced a thermostad, a layer centred near 350 m depth with constant 
temperature, at stations offshore Otago (OT8) and Akaroa (AK4 and AK5).  While the bottom 
of this feature was measured between 350 and 400 m in Otago, its range comprised deeper 
layers (450-500 m) offshore of Akaroa.  The density value of these layers lay between 26.85 
and 26.9 kg.m-3, although deep waters from Kaikoura showed similar values of density, a 
thermostad was not identified for those transects.  This feature observed offshore of Otago 
and Kaikoura seems unlikely to be explained by an intrusion of mSTW given its low 
temperature (7.3-7.7˚C) and relatively low salinity (34.3-34.5 PSU).  Instead, the structure 
and water column properties are consistent with the presence of SAMW being advected 
northward along the ECIS via the Southland Current (Hasson et al., 2012).  During the 
2018/19 cruises, the thermostads related to the temperature and salinity values of SAMW 
were not observed within the Mernoo Saddle (AK5, Figure 2.4).  During the same sampling 
season, the thermostad identified from Otago was much shallower than during the 2017/18 
cruise.  These results suggest that SAMW transport northwards connects the deeper habitats 
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between Otago and Akaroa, but the amount of connectivity between the regions at the depth 
of SAMW may vary year to year.  Although the transport of SAMW northward along the 
south of the South Island and the ECSI has previously been studied by Morris et al. (2001) 
and modeled by Hasson et al. (2012), the new results appeared to be the first time that the 
SAMW water mass had been observed continuously as far north as Akaroa.  Although I was 
unable to compare those results with δ18O values at these depths, higher δ18O values observed 
in Akaroa than those found in Otago and Kaikoura indicated that water masses at or deeper 
than 500 m did not flow northward through the Mernoo Saddle, which is consistent with the 
local bathymetry (~500 m of depth).  δ18O values from offshore Otago at 500m were more 
negative than those from Akaroa and Kaikoura, indicating that deep waters were not traveling 
north through the Saddle.  CTD measurements and δ18O taken at and below 500m from these 
stations (OT8, OT7, KA4 and KA5) indicated that water masses differed between OT and KA 
transects.  Although it is recognized that AAIW was the water mass sampled in both regions 
(Table 2.1), AAIW4 presented in Otago has a southern and fresher formation between 50 and 
55˚S than AAIW1&3 found in Kaikoura at 30 to 35˚S (Chiswell et al., 2015), explaining the 
differences observed in the present study. 
 
2.4.2. ECSI marine isoscapes 
When δ13C values of the particulate pool from all depths were amalgamated, δ13C 
could be predicted by few linear models using latitude, longitude, SiO2, NOx and temperature, 
but SiO2 was the only variable with significant prediction power for δ
13C values of the 
particulate pool at the surface.  δ13C displayed a linear relationship with SiO2 at MF depths, 
latitude and longitude at 150m and NOx at 500m.  These results suggested that δ
13C of SPOM 
at the surface and subsurface are controlled by coastal processes, such as freshwater input 
from runoff, inferred by its relationship with SiO2 (Treguer et al., 1995), also affected by SiO2 
utilization by primary producers (Boyd et al., 1999).  At 150 m these values varied primarily 
with location along the coast, while for samples at 500 m nutrient availability become an 
important covariate for δ13C.  δ13C values of SPOM are usually well correlated with 
temperature in large datasets (Barnes et al., 2009), but this relationship changes when samples 
from different depths are pulled together for analysis, which requires sampling of 
environmental data along the water column (MacKenzie et al., 2014).  In systems where 
productivity is driven by upwelling and therefore large temperature gradients, δ13C of SPOM 
is expected to vary with those processes (Kurle & McWhorter, 2017).  Models describing 
δ13C variability in the Southern Ocean, including New Zealand waters, have also found that 
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δ13C values of SPOM could be predicted by the rate of CO2 absorption by phytoplankton cells 
lacking active transport mechanisms (Francois et al., 1993).  The observed process was 
largely parameterized by temperature and highly dependent on the composition and growth 
stage of the phytoplankton community (Espinasse et al., 2019).  The present study did not find 
relationships between δ13C of SPOM and temperature along the study region.  Although the 
lack of phytoplankton community composition data, the findings demonstrate that δ13C 
variation in the region was mainly driven by freshwater runoff, mixing between different 
water masses and particle decay at depth. 
When all depths were entered in the multimodel approach, δ15N values of SPOM 
covaried with NOx, longitude, SiO2, temperature, depth and sampling season, while only NOx 
was considered a good predictor at the surface.  δ15N values increased with depth and 
longitude but decreased with temperature, while δ15N showed a significant decrease with the 
increase of SiO2 (MF depth) and NOx values (surface and MF depth).  Month of sampling was 
also important in predicting δ15N, although signatures did not differ between 2017/18 and 
2018/19 cruises at a p < 0.05 level for any depth sampled.  These results indicated that like the 
results of δ13C analysis, the relationship between δ15N of SPOM and environmental variables 
differed with depth.  At surface and subsurface, δ15N was largely predicted by NOx alone, on 
the other hand, δ15N from deeper waters had better relationships with longitude and 
temperature values.  In the Southern Ocean, δ15N of SPOM have been predicted to increase 
with the intake of NO3
- by phytoplankton at surface (Somes et al., 2010), causing 
fractionation of N and decreasing NO3
- concentrations (Altabet, 2001; DiFiore et al., 2009).  
The strong negative relationship between δ15N of SPOM and NOx in the present study 
corroborates those findings, but at a smaller scale.  In the Otago region, NOx is thought to be 
advected onshore from offshore SASW (Van Hale et al., 2010), causing an increase in 
productivity within the STFZ.  The data suggested that because of the northward flow, 
phytoplankton communities are transported as far north as Kaikoura, where NOx 
concentrations are lower and δ15N higher and more static.  Therefore, regions with low 
nutrient concentration but that receive water from regions with high productivity, such as the 
surface waters north of Banks Peninsula, present a much higher δ15N values than the coastal 
Otago region.  Therefore, transport of water through the Mernoo Saddle can have an impact 
on oceanographic conditions and ecological processes around Kaikoura region, as suggested 
in previous studies (Bradford & Roberts, 1978; Heath, 1981; Shaw & Vennell, 2000).  At 
greater depths, δ15N values are influenced by other processes, such as the sinking of particles, 
followed by bacterial decay or intrusion of SPOM from other water masses (Pantoja et al., 
2002).   
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Surface water values for δ18O were more positive and presented a smaller range of 
values north of Banks Peninsula (Figures 2.5 and 2.6).  The multimodel approach resulted in 
NOx, SiO2, temperature and salinity as the best predictors for δ
18O at all depths, but only NOx 
in surface waters.  Regressions showed a positive linear relationship between δ18O and NOx 
values at all depths, while salinity (surface and at 150m), temperature (at 150m) and SiO2 (at 
500m) were correlated with δ18O at specific depths.  NOx advected from SASW could be used 
as a proxy for water mass differentiation in the study region, especially south of Akaroa (Van 
Hale et al., 2010).  This differentiation was followed by δ18O values, which were more 
negative in the SASW.  While the observed variation was also related to salinity values at the 
surface, both salinity and temperature displayed a relationship with the δ18O values below 
150m (Figure 2.8).  In surface and subsurface waters the observed relationship only coincided 
with salinity values, underlining the utility of δ18O to identify freshwater inputs in coastal 
systems (Bigg & Rohling, 2000).  
Figure 2.8. TS plot with colored labels representing δ18O values of samples collected from 
surface to 1000 meters from the whole ECSI.  Dots inside the dashed polygon represent 




The similarity between δ15N and δ13C average values of SPOM observed during the 
present study and by Van Hale, (2003) demonstrated that the isotopic values presented here 
are adequate for long-term food web studies in the east coast of the South Island, especially 
when samples from tissues with slow isotopic turnover rates are compared.  Moreover, 
previous studies have demonstrated that seasonality might have a low effect on δ13C of 
phytoplankton in the Southern Ocean, responsible for a variation between 2 and 4‰ north of 
60˚ S (Magozzi et al., 2017).  Because of the inshore-offshore variability in isotope values 
reported here, and since latitude and longitude had a large effect in predicting the overall 
values of isotopes, spatial differences of isotopic values should be carefully considered when 
identifying baselines for ecological studies.  To provide isotopic baselines of δ15N, δ13C and 
δ18O at useful scales, the ECSI was divided into different regions according to statistical areas 
used in regional scale fishery data collection by the New Zealand Ministry of Primary 
Industries (Fisheries New Zealand, 2019).  These isotopic values represent the average of all 
particulates sampled in the water, including bacterial, small zooplankton and detritus, which 
can differ from phytoplankton signatures and can hamper food web studies.  The observed 
effect would be increased in regions influenced by coastal processes and continental inputs 
(Harmelin-Vivien et al., 2008), therefore isotopic values of SPOM should be considered 
carefully before applied into ecological studies, especially at the regional scale.  The ratio 
between carbon and nitrogen composition (C:N) of SPOM can be used to identify the primary 
source of organic matter in a sample, with values of zooplankton and bacteria samples 
ranging between 3 and 6 and terrestrial materials higher than 12 (Savoye et al., 2003).  C:N 
values of samples taken in the present study ranged between 5.52 and 9.92 with an average ± 
SE of 6.84 ± 0.52, indicating a majority of phytoplankton organic matter.  
The highest primary production along the Otago coast occurs in the mSTW (Jones et 
al., 2013).  Periods of high productivity were measured during late spring and early summer 
and were dominated by microphytoplankton (> 20 μm), limited mainly by nitrate and silicate 
concentrations.  In fact, small nitrate:phosphate ratios corresponded to high chlorophyll-a 
values measured in that study for NW and mSTW, while values of nitrate:silicate had a 
positive relationship with chlorophyll-a in the SASW (Jones et al., 2013).  In the present 
study, small values of nitrate:silicate were measured in the SASW (< 5) at surface and MF 
depth, indicating small primary production in that region, while nitrate:phosphate varied 
between 0 and 25 (7.17 ± 0.89)  at NW and mSTW.  Nitrate:phosphate values smaller than 13 
were used to indicate samples that were representative of high primary production south of 
Akaroa within the NW and mSTW water masses at surface and MF depths, resulting in an 
average ± SE of 5.45 ± 0.33‰  for  δ15N and -24 ± 0.25‰ for δ13C.  These isotopic values 
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better indicate the pelagic production throughout the region when it is not limited by 
nutrients, representing a better isotopic baseline for food web studies when compared to raw 
values of δ15N and δ13C from SPOM.  Samples collected north of Akaroa had much less 
variation in nitrogen:phosphate (0 to 16.5) and isotopic signatures decreased by only 2% 
when only nitrate:phosphate ratio values below 13 were analyzed. 
The present study was the first to investigate the distribution of δ15N and δ13C of 
SPOM at regional scale along the South Island and the first to study the spatial variability in 
δ18O values of seawater in New Zealand.  Through continuity of temperature, salinity and 
δ18O values, as well as the decrease in nutrient concentrations followed by the northward 
increase in δ15N of SPOM, the connectivity of surface and subsurface marine habitats along 
the ECSI and through the STFZ was demonstrated, from the Otago shelf break to Kaikoura 
canyons.  Deeper environments (200 to 500 m) were also connected along the ECSI, 
evidenced by water masses with similar density, δ18O values along the length of the ECSI and 
periodic intrusion of SAMW through the Mernoo Saddle.  Linear models demonstrated that 
while δ15N values of SPOM were linked to nutrient availability in the whole ECSI, δ13C and 
δ18O were mainly affected by coastal processes, such as freshwater runoff, and had distinct 
values for the different water masses sampled.  Average δ15N and δ13C values of SPOM, as 
well as δ18O of seawater for ecologically relevant areas along the ECSI were provided for 
future isotopic ecology studies in the region.  These results provide an important step towards 












Chapter 3                                                                                                  
Regional differences in the trophic structure of fish communities in the 
east coast of the South Island of New Zealand 
 
Abstract 
 Stock management of exploited fish species usually does not consider the resources 
necessary for each population to sustain its biomass, neither its spatial nor temporal 
variability.  These variations can influence species trophic relationships, with the potential to 
alter fisheries yields.  Therefore, understanding the natural variation of the trophic structure of 
exploited populations and communities is an important step to inform fisheries management 
based on an ecosystem approach.  Isotope analysis of basal organic matter sources and muscle 
tissue of consumers was used to investigate regional variation of trophic structure and niche 
breadth of exploited fish communities along the east coast of the South Island, New Zealand.  
Isotope values, as well as trophic level and the proportion of macroalgae supporting a fish’s 
diet were highly variable along the study sites, displaying linear relationships with latitude 
and total length for most fish species.  Community trophic structure and fisheries yields were 
compared among two key statistical management areas in the southernmost (Otago) and 
northernmost (Kaikoura) regions of the study area.  Otago had higher commercial fishery 
yields and catch-per-unit-effort than Kaikoura, supported by a community with smaller niche 
breadth (evidenced by the δ15N and δ13C biplot), higher trophic redundancy and species 
occupying lower trophic levels and relying more heavily on macroalgal production.  When 
species were analyzed separately, tarakihi (Nemadactylus macropterus, Cheilodactylidae) was 
the only species to show a significant larger niche breadth in Kaikoura compared to that 
observed in Otago, indicating higher trophic diversity that could be a result of limited 
resources and habitat degradation.  This is the first study to investigate the spatial and 
temporal variability in the trophic structure and niche space of commercial fishes in the east 
coast of the South Island.  The results of the present study highlight the importance of 








A species’ niche can be described as the use of resources in an ecosystem (Elton, 
1927; Grinnell, 1904; Pocheville, 2015), including the effect of the environment on the 
species and, in turn, the species' effect on the environment (Polechová & Storch, 2019), as 
well as all ecological interactions among organisms.  In a food web perspective, while the 
fundamental niche (potential resource use) is determined by intrinsic factors such as 
morphology and behavior, the realized niche (actual resource use) largely depends on 
extrinsic factors acting on resource availability, environmental change and species 
interactions (Bolnick et al., 2003).  Trophic interactions among individuals and populations 
will be affected by both intrinsic and extrinsic factors and are likely to vary in space and time 
(Fry et al., 1999).  Changes in resource availability and trophic interactions can alter fish’s 
abundance, distribution and by extension, fisheries yields (Thrush & Dayton, 2010).  To 
classify and study the trophic structure of fish communities, researchers have used estimates 
of species' trophic levels (TL) and the contribution of basal organic matter sources supporting 
their diets (Davis & Wing, 2012; Karlsson et al., 2019; Phillips et al., 2014; Pinkerton et al., 
2008; Udy et al., 2019a).  These metrics can be used to study the effects of anthropogenic 
impacts at population and community levels (Bearhop et al., 2004; Hussey et al., 2014; Jack 
et al., 2009).  As an example, the variability of a consumer’s TL and resource use among 
individuals can be linked to resource abundance and availability, with implications for 
population management (Jack & Wing, 2011; Wing & Jack, 2014).  In addition, fish 
communities with low trophic redundancy have been identified from overfished regions 
(Matich et al., 2017), and can present lower resilience (Peterson et al., 1998) and increased 
vulnerability to anthropogenic impacts (Petchey et al., 2008).   
The natural distribution of stable isotopes has been used to estimate TL of fish species 
for decades (Fry, 2006).  Isotopic analysis of muscle tissue samples, which have low turnover 
rates, provide averages from the consumer’s diet from several weeks to months (Hesslein et 
al., 1993; Mont’Alverne et al., 2016; Skinner et al., 2017; Suring & Wing, 2009).  Therefore, 
large variation in isotope values from muscle tissue among individuals indicates a consistent 
diet or/and resource use variability in a specific population (Fry et al., 1978).  Carbon and 
nitrogen isotopic ratios, expressed as a deviation from a standard (δ13C and δ15N), are the 
most frequently used for tracking organic matter sources and estimating trophic levels of 
animals (Ramos & González-Solís, 2012).  While trophic level estimates rely on isotopic 
fractionation of nitrogen between trophic levels (δ15N in bulk muscle tissue increases 
substantially when organic matter is transferred between consumers; 15N = 1.4 to 5.6‰), 
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δ13C has relatively small fractionation with trophic exchanges (13C ~ 0.5‰), so is more 
precise for estimating mixtures of basal organic matter supporting a food web (McCutchan et 
al., 2003; Mill et al., 2007; Post, 2002).  In order to estimate these parameters, one needs to 
know the δ13C and δ15N values of the primary producers supporting that specific food web, 
which can vary spatially and with time (Reed et al., 2016; West et al., 2010; Wing et al., 
2008).  Furthermore, diet, and by extension TL of a fish can be limited by its body size or 
gape size, which are often correlated with TL and should be taken into account in ecological 
studies (Dalponti et al., 2018; Ladds et al., 2020).   
While TL and the proportion of basal organic matter supporting a fish’s diet are 
trophic parameters of an individual, normally averaged at a population level, community-wide 
Layman’s metrics can be used to compare niche space from distinct communities across 
whole ecosystems (Layman et al., 2007; Udy et al., 2019c, 2019b).  For example, ranges of 
δ15N and δ13C values provide information on community TL and diversity in resource use, 
with the trophic diversity in a food web being estimated from the total area of the minimum 
convex hull of the δ15N and δ13C biplot.  Similarly, the mean Euclidian distance from each 
species’ δ15N and δ13C data cloud to the centroid of the whole food web (CD) is a metric of 
average trophic diversity that is also affected by trophic packing (Layman et al., 2007).  The 
mean nearest neighbor distance (MNND) and the standard deviation (SDNND) of the same 
plot can be used as proxies for trophic packing and its evenness, respectively.  Layman’s 
metrics have been used to study the effects of seasonality (Abrantes et al., 2014), species 
introduction (Jackson et al., 2012) and exploitation (Saporiti et al., 2014) on diet 
diversification and niche breadth of aquatic communities.  When used together with 
approaches that take into account differences in isotope values at the base of the food web 
(e.g. mixing models), Layman’s metrics are a powerful tool that can be used to evaluate 
changes in niche space and trophic relationships within communities and populations 
(Layman et al., 2012).  This is especially true when studying trophic relationships of large 
communities with incomplete biological data (Bowes et al., 2017; Dammhahn & Kappeler, 
2014).   
Fish communities are affected by both chronic events such as overfishing, nutrient 
input, ocean warming and acidification, and acute events such as hurricanes, earthquakes, and 
floods (Udy et al., 2019a).  These events can cause environmental shifts and drive fish 
distribution and behavior (Bailey & Secor, 2016; Doney et al., 2012; Harding & Jellyman, 
2015; Matthews et al., 2014), altering the way individuals and populations interact within a 
community and the environment.  Among known chronic stressors, exploitation is one of the 
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most studied, with examples of impacts on the trophic structure at individual, population and 
community level (Hinz et al., 2017; Pauly et al., 1998; Thurstan et al., 2010).  These effects 
can be localized and change population dynamics and species interactions and are not likely 
to be detected from routine research surveys at stock scales (Bradford-Grieve et al., 2007; 
McClatchie et al., 2005).  Furthermore, spatial and temporal variation of trophic relationships 
are rarely taken into account in management, but can influence a species year-class strength 
and ultimately fisheries yields (Casini et al., 2010).  Considering the stability and variability 
of food web structure is therefore necessary for the assessment of species conservation status, 
vulnerability and to identify areas of conservation priority for exploited species. 
The east coast of the South Island hosts two of the largest fisheries ports in New 
Zealand (Lyttelton and Timaru) and is an important region for commercial and recreational 
fisheries, managed as a single management area for most exploited species (Fisheries New 
Zealand, 2019).  The continental shelf is composed of rocky reefs in the Otago (~ 46˚ S) and 
Kaikoura (~ 42˚ S) regions, and a sandy bottom extending approximately 40 km offshore 
along Canterbury Bight, facilitating inshore trawl fishery activities (Figure 3.1).  With most of 
the exploited species managed in this area as a single stock and the recent recognition for the 
need of a local marine reserve network (MPI, 2020), this region is a good case study to 
investigate spatial and temporal differences in the trophic structure of the exploited fish 
communities.  Data from common commercial fish species with contrasting ecological traits 
from the east coast of the South Island were analyzed (Table 3.1).  These species made up of 
over 25% of the export value of wild fisheries from New Zealand in 2018, excluding 
processed fish products (Stats NZ, 2019), and are the basis of important recreational fishing 
grounds around Otago and Kaikoura (Fisheries New Zealand, 2019).  While blue cod 
(Parapercis colias, Pinguipedidae), ling (Genypterus blacodes, Ophidiidae), sea perch 
(Helicolenus percoides, Sebastidae) and tarakihi (Nemadactylus macropterus, 
Cheilodactylidae) are managed inside the east coast of the South Island as a single stock, the 
Fishery Management Area 3 (FMA 3), barracouta (Thyrsites atun, Gempylidae) stocks are 
overseen along the east coast of the South Island and the Chatham Rise (Fisheries New 
Zealand, 2019).  For other species such as red cod (Pseudophycis bachus, Moridae) and 
slender jack mackerel (Trachurus murphyi, Carangidae), the management area of a single 
stock comprises most of the exclusive economic zone south of Kaikoura.  Slender jack 
mackerel is also managed together with two other species, T. declivis and T. novaezelandiae 
(Carangidae).  While most species are managed as a single stock inside the east coast of the 
South Island, there is a lack of knowledge on the variation of niche space and trophic 
structure of the exploited community.   
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Figure 3.1. Map of the New Zealand marine environment with fisheries management statistical areas 
referenced in the present study as Kaikoura (18), Western Chatham Rise (20), Akaroa (22) and Otago 
(24).  White represents New Zealand landmass and grey shades are identifying depths between 0 and 
150, 150 to 1000, 1000 to 2000 and deeper than 2000 meters 
 
The aim of the present study was to understand the variations in trophic structure of an 
exploited community, focusing on comparisons between fish communities in the Otago and 
Kaikoura regions.  The current study is the first to investigate the spatial and temporal 
variations of the trophic structure of the exploited fish community in the southeastern region, 
representing a benchmark for the management of these resources based on an ecosystem 
approach.  Variation in δ15N and δ13C values in fish muscle tissue, estimates of TL and 
percentage of organic matter derived from macroalgae supporting food webs (%Macroalgae) 
based on isotopic mixing model analysis were used to answer the following questions: (1) do 
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isotope values of a sedentary fish species collected from Otago vary among years? (2) Do 
isotope values, resource use and trophic level have a relationship with latitude and specimens’ 
length, and how those trophic parameters vary among different species, regions and between 
years? (3) Are niche breadth and trophic diversity different between communities collected 
from Otago and Kaikoura? (4) How do differences in the trophic structure between Otago and 
Kaikoura relate to fisheries yields in each region?   
 
Table 3.1. Maximum total length, assemblage, habitat type, depth distribution and common prey items 
of the seven commercial fish species analyzed in the present study 
Species 
Maximum 
total length (mm) 
Habitat Common prey items Reference 
Blue cod                     
Parapercis 
colias 
600 Inner shelf* Fish (47%) (Graham, 1939) 
Demersal Crustaceans (23%) (Russell, 1983) 
0 - 150 m Tunicates (17%) (Carbines & Mckenzie, 2001) 
 Cephalopods (Fisheries New Zealand, 2019) 
 Gastropods Personal observation 
 Bivalves  
 Worms  
Slender Jack 
Mackerel                                            
Trachurus 
murphyi 
700 Inner shelf* Crustaceans (55%) (Fisheries New Zealand, 2019) 
Pelagic-oceanic Salps (36%) (Konchina, 1992) 
0 - 500 m Fish (11%)  
 Cuttlefish   
Barracouta                                     
Thyrsites 
atun 
2000 Outer shelf* Crustaceans (77%) (Fisheries New Zealand, 2019) 
Benthopelagic Fish (18%) (Graham, 1939) 
0 - 400 m Squid (9%) (O’Driscoll, 1998) 
    (Stevens et al., 2011) 
Tarakihi                                          
Nemadactylus 
macropterus 
700 Outer shelf* Chitons (Godfriaux, 1974) 
Demersal Gastropods (Graham, 1939) 
0 - 486 m Bivalves (Russell, 1983) 
 Crustaceans (McKenzie et al., 2017) 
 Echinoderms (Annala, 1988) 
 Polychaetas  
 Cephalochordates  
Red cod                                  
Pseudophycis 
bachus 
900 Outer shelf* Crustaceans (79%) (Stevenson, 2004) 
Demersal Fish (25%) (Cohen et al., 1990) 
0 - 700 m Molluscs (Fisheries New Zealand, 2019) 
 Worms (Graham, 1939) 
  Echinoderms (Edgar & Shaw, 1995) 
Sea perch                                    
Helicolenus 
percoides 
470 Slope* Crustaceans (62%) (Paulin, 1989) 
Demersal Fish (18%) (Smith, 1998) 
150 - 500 m Worms (Graham, 1939) 
Ling                                  
Genypterus 
blacodes 
2000 Slope* Fish (65%) (Nielsen et al., 1999) 
Bathydemersal Crustaceans (37%) (Stevenson, 2004) 
0 - 1000 m Cephalopods (3%) (Dunn et al., 2010) 
 Ophiuroids (Graham, 1939) 
    (Kailola et al., 1993) 
* Species assemblage according to Beentjes et al. (2002) and Francis et al. (2002) 








3.2.1. Interannual variability in isotopic values within a sea perch population 
Sea perch is a sedentary fish species widely distributed in New Zealand waters 
(Bentley et al., 2014; Lawton et al., 2010).  To access natural interannual variation of isotopes 
in a local population, sea perch were collected South of the Otago Peninsula (-45.865 S, 
170.753) during three research cruises during the austral Summer in 2015/16 (n=17), 2017/18 
(n=18) and 2018/19 (n=17) aboard of the RV Polaris II.  Specimens were frozen after 
collection and total length, as well as wet weight, were recorded at the University of Otago's 
Portobello Marine Laboratory (PML).  A muscle tissue sample from the dorsal musculature 
was taken from every fish for isotopic analysis.  Dissection and laboratory analysis of muscle 
tissues followed procedures described below (section 3.2.2).  Isotope values, length and 
weight were compared between years with ANOVA, and linear regressions were used to 
investigate the relationship between length and weight, and isotope values for each sampling 
year.   
 
3.2.2. Variability in resource use and trophic level of commercial fish species 
Sample collection - To investigate spatial and temporal differences in resource use and 
trophic levels of commercial fishes, seven species of fish were collected along the east coast 
of the South Island, inside the Fishery Management Area 3 between 2017 and 2018 (Table 
3.2).  While some specimens were collected during scientific cruises aboard the RV Polaris 
II, others were provided by recreational and commercial fishers, and from the Canterbury 
Bight/Pegasus Bay, and Chatham Rise trawl surveys aboard of the RV Kaharoa and RV 
Tangaroa, respectively (MacGibbon et al., 2019; Stevens et al., 2018).  These multiple 
sources of samples allowed for comparisons of trophic parameters of important commercial 
species over several habitats and across a large latitudinal range along the ECSI (Table 3.2 
and Figure 3.1).  Specimens collected aboard research vessels were measured for total length 
and head length, then frozen and taken to the laboratory for muscle tissue sampling.  A 
muscle tissue sample of approximately 1cm3 from the dorsal musculature was taken from 







 Table 3.2. Average ± standard error of total length of specimens analyzed in the present study, with 
number of samples and location of collection. WCR stands for Western Chatham Rise  
 
To calculate the isotope values of coastal primary producers to be used in the 
estimation of fishes’ trophic parameters, the most common macroalgae species were collected 
from sites in Otago and Kaikoura-Cape Campbell region throughout Summer 2017/18 and 
2018/19 (Table 3.3).  They were collected between the surface and 10 meters of depth and 
comprised the predominant species found in each site.  Macroalgae were washed with 
deionized water to remove salt and epibionts and were then frozen for later analysis.  To 
generate single δ13C and δ15N values for macroalgae, an average of the isotopic value of each 
species was first calculated for each site sampled, then an overall average among sites within 
a region of each species was computed.  δ13C and δ15N macroalgae values for each region 
were then calculated as the average between all species’ overall average, assuming an equal 
contribution of the most common macroalgae species at each region to the final isotopic 
values.  The average of isotopic values from suspended particulate organic matter were 
retrieved from δ13C and δ15N surface isoscapes south of Akaroa, between Akaroa and Cape 
Campbell and for deep regions offshore Akaroa and Kaikoura (Chapter 2).  Due to the high 
heterogeneity in δ13C and δ15N values south of Akaroa, samples of new pelagic production 
were inferred from the nitrate:phosphate ratio of nutrients in seawater, after and Jones et al. 
(2013) (see Chapter 2).   
 
 
Common name Scientific name Average total length ± SE (mm) 
Samples 
size 
Region (collection year) 
Ling Genypterus blacodes 849.8 ± 37.8 19 Otago (2017, 2018)              
WCR (2018) 
Sea perch Helicolenus percoides 330.4 ± 22.9 38 Otago (2017, 2018)            
Kaikoura (2017, 2018) 
Tarakihi Nemadactylus macropterus 313.1 ± 12.4 59 Otago (2018)                     
Akaroa (2018)                 
Kaikoura (2018) 
Blue cod Parapercis colias 386.1 ± 6.9 56 Otago (2017, 2018)         
Kaikoura (2017, 2018) 
Red cod Pseudophycis bachus 546.5 ± 10.2 41 Otago (2017, 2018)        
Akaroa (2018)             
Kaikoura (2017, 2018)          
WCR (2018) 
Barracouta Thyrsites atun 682.8 ± 12.7 30 Otago (2017)                  
Akaroa (2018)              
Kaikoura (2018) 




Table 3.3. δ15N and δ13C average ± standard error of the macroalgae species collected from the Otago 
and Kaikoura coast and respective sample sizes 
Region Site Species δ¹⁵N δ¹³C Sample size 
Otago Karitane Carpophylum flexiosum 7.9 ± 0.09 -14.36 ± 0.13 3 
Cystophora retroflexa 7.69 ± 0.13 -15.23 ± 0.38 2 
Cystophora scalaris 7.93 ± 0.14 -14.08 ± 0.21 3 
Macrocystis pyrifera 9.15 ± 0.36 -16.78 ± 1.05 8 
Sargassum sinclairii 8.96 ± 0.13 -15.93 ± 0.9 3 
Ulva sp. 9.25 ± 0.12 -15.18 ± 0.82 8 
Undaria pinnatifida 9.35 ± 0.23 -18.17 ± 0.86 8 
Aramoana spit Cystophora retroflexa 8 ± 0.31 -19.3 ± 0.72 2 
Cystophora scalaris 7.02 ± 0.13 -18.71 ± 0.43 4 
Durvillaea spp. 7.04 ± 0.42 -9.21 ± 1.96 6 
Macrocystis pyrifera 7.51 ± 0.16 -18.78 ± 0.38 9 
Marginariella boryana 8.32 ± 0.95 -16.16 ± 0.41 6 
Ulva sp. 7.52 ± 0.32 -18.88 ± 0.3 10 
Undaria pinnatifida 7.93 ± 0.39 -20.29 ± 0.71 3 
Among site average  8.11 ± 0.21 -16.5 ± 0.77  






Carpophyllum maschalocarpum 8.39 ± 0.23 -11.58 ± 0.86 5 
Durvillaea poha 6.55 ± 0.37 -11.61 ± 0.71 5 
Durvillaea willana 8.27 ± 0.11 -11.45 ± 0.61 5 
Hormosira banksii 8.78 ± 0.32 -8.66 ± 0.59 5 
Ulva sp. 7.42 ± 0.21 -17.23 ± 0.67 5 
Kaikoura North bay Carpophyllum maschalocarpum 8.28 ± 0.12 -10.19 ± 0.54 5 
Cystophora retroflexa 9.68 ± 0.02 -10.94 ± 0.18 3 
Eckonia radiata 8.97 ± 0.27 -15.58 ± 0.64 4 
Lessonia variegata 8.65 ± 0.12 -15.73 ± 0.2 3 
Ulva sp. 8.16 ± 0.16 -17.92 ± 0.46 4 
Kaikoura South bay Carpophyllum maschalocarpum 6.46 ± 0.37 -9.21 ± 0.5 3 
Cystophora retroflexa 8.55 ± 0.43 -12.4 ± 0.17 4 
Eckonia radiata 7.52 ± 0.28 -17.85 ± 0.92 4 
Ulva sp. 7.65 ± 0.14 -16.76 ± 0.44 5 
Kaikoura-First Bay Carpophyllum maschalocarpum 8.84 ± 0.18 -13.24 ± 1.43 5 
Durvillaea poha 7.62 ± 0.25 -10.52 ± 0.69 5 
Durvillaea willana 8.25 ± 0.14 -10.59 ± 0.79 5 
Macrocystis pyrifera 9.05 ± 0.3 -16.83 ± 0.39 5 
Ulva sp. 8.66 ± 0.1 -16.68 ± 0.46 5 
Oaru-North Carpophyllum maschalocarpum 7.14 ± 0.12 -10.65 ± 0.63 5 
Durvillaea poha 6.12 ± 0.35 -10.09 ± 0.55 5 
Durvillaea willana 6.51 ± 0.38 -12.31 ± 1.45 5 
Ulva sp. 7.67 ± 0.17 -17.62 ± 0.73 5 
Okiwi-South Durvillaea willana 6.5 ± 0.34 -11.43 ± 0.51 5 
Ulva sp. 7.41 ± 0.08 -17.44 ± 0.32 5 
Waipapa South Carpophyllum maschalocarpum 9.1 ± 0.19 -14.51 ± 0.54 5 
Ulva sp. 9.08 ± 0.2 -20.9 ± 1.05 5 
Among site average  7.93 ± 0.19 -14.15 ± 0.65  
Among species average*   8.22 ± 0.25 -13.46 ± 1.1   
*Used in the mixing models 
    
 
Laboratory analysis - All muscle tissues and macroalgae samples were oven-dried at 
60 °C for 72 h and crushed with mortar and pestle until they yielded a fine and homogenous 
powder.  All equipment was cleaned with low-linting Kimwipes® and ethanol and air-dried 
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between samples to avoid cross-contamination.  Between 0.8 and 1.2 mg of each muscle 
tissue sample and 3 to 4 mg of macroalgae were packed in 3x5 mm tin capsules and analyzed 
by combustion in an elemental analyzer (Carlo Erba NC2500) to CO2 and N2, as described in 
chapter 2 (section 2.2.2).  All measured values for the quality control standards were in the 
range of accepted values.  Replicates from one sample of fish muscle tissue were analyzed in 
every run so results could be corrected for between run variability.  
Because lipids are depleted in δ13C compared to protein and carbohydrates, changes in 
lipid content in the samples can have a large effect in δ13C values that are not linked to 
ecological changes.  In the present study the following normalization equation was applied to 
account for differences in lipid concentrations between all samples, after Post et al. (2007): 
 
δ13CNormalized = δ13CUntreated – 3.32 + 0.99 * C:N 3.1) 
 
Here, δ13CUntreated represents raw δ
13C values and C:N the carbon to nitrogen ratio of 
the muscle tissue analyzed; this normalization is suitable for aquatic organisms and was 
generated with the same range of C:N values from samples in the present study (Post et al., 
2007). 
Trophic parameter estimations - To estimate TL and the relative contributions of 
organic matter from different source pools, a two-step iterative procedure based on bulk 
isotope values was used, following Phillips and Gregg (2001).  First an approximation of the 
contribution of each organic matter source to a fish’s δ13C value was calculated from plotted 
δ15N vs. δ13C.  The results were then used to estimate the corresponding δ15N of the mixture 
of organic matter sources supporting each specimen (δ15NSource) (Jack & Wing, 2011), 
assuming the same contribution from the δ15N pool.  TL was then calculated for each fish 
using its own δ15N signature (δ15NConsumer): 
 
TL = [(δ15NConsumer − δ15NSource)/TDF] 3.2) 
 
The result of the equation was then iterated back into the mass balance model until a 
stable solution was obtained for both the mixture of organic matter sources and TL for each 
specimen.  A trophic discrimination factor for aquatic environments of 0.5‰ (SE 0.17) was 
used for δ13C (McCutchan et al., 2003).  Because all species analyzed in the present study 
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consume a large array of prey items, including both vertebrates and invertebrates (Table 3.1), 
the trophic discrimination factor of δ15N (TDF) was estimated to be 2.3‰ (SE 0.28) for all 
species based on an average for aquatic environments (McCutchan et al., 2003).  Trophic 
discrimination factors, both 13C and 15N, are known to vary between taxa and 
environments (Newsome et al., 2010), however, as the same species were being compared 
between regions, errors introduced by the use of an average discrimination factor should not 
have affected the detection of relative differences in TL and resource use of a species among 
regions. 
Statistical analyses - Fish specimens sourced from recreational and local fishers were 
often represented by heads only, in these cases total length was estimated by species-specific 
linear regressions generated by all fish specimens, both collected and released during 
sampling (Table 3.4).  Because latitude, as well as species and total length can have an effect 
in isotope values of fish muscle, a general linear model was fitted to investigate the effect of 
those variables on the isotopic values and results from the isotope mass balance models.  
General linear models were fitted using a least square approach, which is sensitive to outliers 
and performs well with noisy, collinear and incomplete variables, being suitable for analysis 
of complex models in chemistry and biology (Wold et al., 2001).  Assumptions related to the 
linear models were checked with residual plots (by predicted values, by row and normal 
quantile). 
Fish specimens were then grouped by region, according to the NZ Fisheries General 
Statistical Areas (https://koordinates.com/layer/4182-nz-fisheries-general-statistical-
areas/metadata/): Otago (024), Akaroa (022), Kaikoura (018) and WCR (020).  Interannual 
and regional differences (among statistical areas) in isotopic value, %Macroalgae and TL 
were tested using a one-way ANOVA and Tukey-Kramer’s post hoc test.  When samples 
were available, the interaction between region (Otago and Kaikoura, 2 levels, fixed) and year 
(2017 and 2018, 2 levels, fixed) was also tested using a two-way ANOVA.  Shapiro-Wilk test 
was used to check for data normality, while variance among groups was tested using Levene’s 
test.  When the hypothesis that data came from a non-normal distribution or that groups 
presented different variances could not be discarded, each pair Wilcoxon’s tests were also 
applied.  Because total length influenced the estimated TL and %Macroalgae for the species 
analyzed, the largest and smallest fishes were excluded as necessary before group 
comparisons, until the variance of the total length did not differ between groups (Wilcoxon 




 Table 3.4. Linear relationship between head length (HL) and total length for each species analyzed in 
the present study, with respective summary of fit 
 
3.2.3. Differences in community niche breadth between Otago and Kaikoura 
Otago and Kaikoura represent the southernmost and northernmost areas in the study 
region, where samples from all species of interest were available. Therefore, investigations 
described in sections 3.2.3 and 3.2.4 focuses on these two areas only.  To investigate 
differences in niche breadth and trophic diversity between the fish communities from Otago 
and Kaikoura, Layman’s metrics based on the δ15N and δ13C values of fish muscle tissue from 
specimens collected at each region were compared (Layman et al., 2007).  To account for 
uncertainty related to the nature of the data, ellipse-based versions of Layman’s metrics 
estimated from Bayesian inference were used, with the SIBER package in R (Jackson et al., 
2011).  The use of ellipse-based metrics is suitable for comparisons between communities 
with different sample sizes, with improved estimates and reduced uncertainty compared to the 
original metrics.  Minimum convex hull values of the δ13C and δ15N biplot, or isotopic space, 
can be easily biased by large isotope values from few individuals.  The calculation of the 
Standard Ellipse Areas corrected for small sample sizes instead provides Bayesian 
distributions that reflect the uncertainty of estimates, resulting in more robust and less biased 
comparisons of niche breadth.  Communities were analyzed as a whole and between specific 
fish assemblages, according to their habitat use after Francis et al. (2002) and Beentjes et al. 
(2002) (Table 3.1).   
 
3.2.4. Amount of coastal primary producers supporting commercial catches 
Regional differences in coastal resources needed to support local commercial fisheries 
were calculated by transforming green (ungutted) weight of the reported landed catch per 
statistical area into dried muscle weight (Venugopal & Shahidi, 1996; Waterman, 2001) and 
estimating its calorific content per species (Vlieg, 1988).  Assuming a trophic efficiency of 
10%, equation 3.3 was used to calculate the amount of energy from primary producers needed 
Common name Scientific name Total length regression equation Sample size r2 p 
Ling Genypterus blacodes 150.81 + 3.8*HL 9 0.86 0.0003 
Sea perch Helicolenus percoides 62.32 + 2.56*HL 56 0.88 <0.0001 
Tarakihi Nemadactylus macropterus -13.95 + 4.21*HL 38 0.92 <0.0001 
Blue cod Parapercis colias 26.36 + 3.5*HL 84 0.98 <0.0001 
Red cod Pseudophycis bachus 127.16 + 3.47*HL 14 0.52 0.0036 
Barracouta Thyrsites atun 163.32 + 3.3*HL 32 0.83 <0.0001 
Slender Jack Mackerel Trachurus murphyi 54.79 + 3.59*HL 10 0.75 0.001 
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to support commercial catches, where EPP is the energy from primary producers and ETLn is 
the energy from the nth trophic level (Udy et al., 2019c).  The results were transformed into 
macroalgae biomass using an average kcal to gram conversion factor for New Zealand species 
(Lamare & Wing, 2001) and the results of the isotope mixing model from the present study.  
To remove interannual variability from the analysis, yearly macroalgae mass supporting each 
species catch were averaged between 2013 and 2017 and compared between regions.  
Fisheries data were provided by Fisheries New Zealand.  All statistical analyses were 






















3.3.1. Interannual variability in isotopic values within a sea perch population 
δ13C and δ15N values from a sea perch population from Otago varied among years 
(δ13C; F2,51 = 20.95, p < 0.0001; δ
15N, F = 37.22, p < 0.0001).  A Tukey’s post-hoc test 
showed that δ13C and δ15N values did not differ significantly between 2017/18 and 2018/19, 
but isotopic values were significantly higher in 2015/16 at p < 0.05 level (13.4 ± 0.14 versus 
12.14 ± 0.13 and 11.88 ± 0.14 for δ15N; and -18.04 ± 0.13 versus -19.18 ± 0.13 and -18.94 ± 
0.13 for δ13C).  Although fish length and weight were not significantly different between 
periods, they displayed a positive linear relationship with δ13C and δ15N for all years (p < 
0.05), except for δ13C values from samples collected in 2015/16, which had no relationship 
with length and weight.  
 
3.3.2. Variability in resource use and trophic level of commercial fish species 
Effects of latitude, species, and total length - Latitude (p < 0.0001), species (p < 
0.0001) and total length (p = 0.0009) significantly contributed to the general linear model 
predicting δ13C values of fish muscle tissue (F7,185 = 42.59, r
2 = 0.63 and p < 0.0001).  Results 
and p values were similar for δ15N, but total length was not significant predictors for this 
variable (F = 27.36, r2 = 0.52 and p < 0.0001).  Total length, latitude and species had 
significant effects on the %Macroalgae to the underlying food web (F = 12.15, r2 = 0.32 and p 
<0.0001).  Total length (p < 0.0001) and latitude (p < 0.0001) had a positive and negative 
relationship with %Macroalgae, while different species (p < 0.001) had contrasting 
relationships with %Macroalgae.  Similar results were found for the estimated δ15N value of 
the organic matter baseline (δ15NSource) value supporting the underlying food web (F = 72.39, 
r2 = 0.74 and p < 0.001), but latitude had a positive effect on δ15NSource (average slope ± SE = 
0.25 ± 0.01, p < 0.0001).  Species was the only variable with a significant effect on fish TL (F 
= 15.28, r2 = 0.38, p < 0.0001). 
When general linear models were fitted for single species, latitude had a significant 
positive effect on the variation in δ13C for all species except barracouta, with slopes ranging 
from 0.21 ± 0.04 for sea perch to 0.97 ± 0.13 for ling (Table 3.5).  Similarly, δ15N values were 
positively correlated with latitude for all species except blue cod and tarakihi.  Barracouta and 
sea perch were the only species where δ13C varied significantly with total length (p < 0.005), 
while δ15N values also varied significantly with total length for red cod (slope of 0.004 ± 
0.002), sea perch (0.01 ± 0.004) and tarakihi (-0.003 ± 0.002).  The contribution of organic 
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matter derived from macroalgae to the food webs supporting ling, barracouta, red cod and sea 
perch diets displayed a linear negative relationship with latitude and a positive relationship 
with total length (except for ling), while blue cod and tarakihi had no significant relationships 
among these variables (Table 3.5).  Barracouta and ling displayed a significant increase in 
estimated TL with latitude (slope of 0.14 ± 0.07, p = 0.047 and 0.23 ± 0.07, p = 0.007 
respectively), but red cod, sea perch and tarakihi had small variations in TL with total length 
(slope of 0.002 ± 0.001, p = 0.006; 0.004 ± 0.002, p = 0.012; and -0.002 ± 0.001, p = 0.017 
respectively).  Blue cod had no linear relationship between TL and the other variables.  While 
%Macroalgae had no significant relationship with total length for slender jack mackerel, δ13C 
and TL values displayed a positive (0.01 ± 0.007, p = 0.04) and negative slope (-0.004 ± 
0.002, p = 0.05) respectively, from the total length univariate linear model, but tests including 
latitude for slender jack mackerel were not possible due to lack of precise latitude values 
provided by fishers. 
 
Table 3.5. General linear model results describing the relationship between δ13C and δ15N values, the 
proportion of macroalgae supporting each species’ diet (%Macroalgae) and it’s estimated trophic level 
(TL), with latitude and fishes’ total length as the independent variable for each species.  Model 
parameters are given for total model (latitude and total length effect), while p values are also reported 
for each effect separately 
Variable Parameters Barracouta Blue cod Ling Red cod Sea perch Tarakihi 
Slender  
jack mackerel1 
δ13C r2 0.32 0.52 0.85 0.31 0.73 0.57 0.31 
DF (Model, total) 2, 29 2, 34 2, 13 2, 30 2, 35 2, 37 1, 21 
F ratio 6.39 17.71 30.23 6.784 45.649 23.426 9.139 
Total p value 0.005 < 0.0001 < 0.0001 0.004 < 0.0001 < 0.0001 0.007 
Latitude p value 0.471 0.0003 < 0.0001 0.002 < 0.0001 < 0.0001 - 
Length p value 0.002 0.49 0.299 0.773 < 0.0001 0.058 - 
δ15N r2 0.3 0.27 0.73 0.24 0.54 0.11 0.08 
DF (Model, total) 2, 29 2, 34 2, 13 2, 32 2, 35 2, 37 1, 21 
F ratio 5.84 5.85 14.979 4.655 19.458 2.233 1.704 
Total p value 0.008 0.007 0.0007 0.017 < 0.0001 0.122 0.207 
Latitude p value 0.002 0.246 0.0002 0.01 0.001 0.566 - 
Length p value 0.424 0.102 0.35 0.023 0.003 0.044 - 
%Macroalgae r2 0.64 0.004 0.62 0.59 0.64 0.03 0.14 
DF (Model, total) 2, 29 2, 34 2, 13 2, 32 2, 35 2, 37 1, 21 
F ratio 23.86 0.064 8.812 21.52 29.657 0.629 3.226 
Total p value < 0.0001 0.938 0.005 < 0.0001 < 0.0001 0.539 0.088 
Latitude p value < 0.001 0.893 0.002 0.001 < 0.0001 0.64 - 
Length p value 0.002 0.87 0.382 0.002 < 0.0001 0.47 - 
TP r2 0.17 0.09 0.51 0.28 0.3 0.3 0.18 
DF (Model, total) 2, 29 2, 34 2, 13 2, 32 2, 35 2, 37 1, 21 
F ratio 2.71 1.564 5.665 5.891 6.926 7.226 4.35 
Total p value 0.084 0.225 0.02 0.007 0.003 0.002 0.05 
Latitude p value 0.047 0.188 0.007 0.709 0.197 0.13 - 
Length p value 0.22 0.09 0.373 0.007 0.012 0.017 - 






Regional and temporal differences in trophic parameters - Blue cod and sea perch 
were collected from both Otago and Kaikoura regions during 2017 and 2018 sampling 
seasons. The interaction between region (2 levels, fixed) and year (2 levels, fixed) had a 
significant effect on the %Macroalgae for blue cod diet (F3,40 = 8.59, p = 0.006), while for sea 
perch, only region had a significant effect on %Macroalgae (F3,28 = 41.15, p < 0.0001).  
Tukey’s post hoc tests supported the idea that differences in the contribution of organic matter 
derived from macroalgae were significantly different between the two regions in 2017 and 
2018 for sea perch and in-between years in Kaikoura for blue cod.  The interaction between 
region and year had a significant effect on TL for blue cod (F = 4.65, p = 0.037) while region 
(F = 4.86, p = 0.03) and year (F = 13.18, p = 0.001) had separate effects on sea perch TL.  The 
estimated %Macroalgae for blue cod varied between years for Kaikoura (43 ± 2% for 2017 
and 36 ± 1% for 2018, p = 0.007), TL of blue cod was significantly different between 2017 
and 2018 in Otago (3.06 ± 0.11 and 2.61 ± 0.07, p = 0.005) and in Kaikoura for sea perch 
(2.31 ± 0.09 and 3.02 ± 0.18, p =0.004). 
Each pairwise comparison with Wilcoxon tests agreed with a majority of the two-way 
ANOVA results for pairs of variables with unequal variances and non-normal distributions, 
but showed significant differences in the contribution of organic matter derived from 
macroalgae to the diet of blue cod between regions in 2017.  Significant differences were also 
found in sea perch %Macroalgae between years in Kaikoura using non-parametric tests, but 
differences in %Macroalgae between regions were not found in 2018.  Significant regional 
and temporal differences in blue cod TL were identified with Wilcoxon’s test for all year and 
region combinations at a p < 0.045 level, except for interannual differences in Kaikoura.   
When data from 2017 and 2018 were pooled together, all species except blue cod had 
significant regional differences in the contribution of organic matter derived from macroalgae 
to the underlying food web (Figure 3.2).  The diet of barracouta from Otago had a 
significantly higher contribution of organic matter derived from macroalgae compared to that 
recorded from Akaroa and Kaikoura (51 ± 2% versus 42 ± 1.4% and 34 ± 2.7% respectively, 
F2,27 =18.36, p < 0.0001).  A similar trend was observed for sea perch (53 ± 0.9% for Otago 
and 42 ± 1.0 for Kaikoura, F1,30 = 60.13, p = 0.0001), ling (62 ± 1.6% for Otago and 46 ± 
1.3% for WCR, F1,17 = 56.6, p < 0.0001), red cod (51 ± 1.6% for Otago, 48 ± 1.9% for 
Akaroa, 41 ± 1.9% for WCR and 42 ± 1.4% for Kaikoura F3,37 = 7.60, p = 0.0004) and slender 
jack mackerel (44 ± 2.1% for Otago and 34 ± 2.5% for Kaikoura F1,19 = 9.09, p = 0.007).  
Tarakihi also displayed significant differences in %Macroalgae (42 ± 2.8% for Otago, 38 ± 
3.5% for Akaroa, 44 ± 3.6% for WCR and 32 ± 2.8% for Kaikoura F3,51 = 3.1, p = 0.035), but 
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pair-wise Tukey-Kramer’s post hoc tests only resolved differences between WCR and 
Kaikoura.  Blue cod did not show regional differences in the contribution of organic matter 
derived from macroalgae supporting its diet.  
Figure 3.2. Average ± standard error of the contribution of organic matter derived from macroalgae to 
a fish’s diet (%Macroalgae) and the trophic level (TL) for each species collected from Otago (24), 
Akaroa (22), Western Chatham Rise (20) and Kaikoura (18).  Blank columns correspond to missing 
data.  The variance of the total length from individuals collected at regions did not differ for any 
species (Wilcoxon’s test, p > 0.05), except for tarakihi and red cod collected from region 22, which 
were significantly smaller and larger than for the other regions, respectively 
 
 TL differed significantly between regions for barracouta, ling, slender jack mackerel 
and tarakihi.  Barracouta specimens collected from the Akaroa region had higher TL (3.27 ± 
0.05), when compared to those collected from Otago (2.28 ± 0.06) and Kaikoura (2.75 ± 0.1), 
F = 73.73, p < 0.0001.  Slender jack mackerel had higher TL values in Otago (3 ± 0.06) than 
in Kaikoura (2.47 ± 0.08), F = 29.46, p < 0.0001.  TL of tarakihi was also higher in the south 
(3.13 ± 0.09 in Otago and 3.33 ± 0.1 in Akaroa) than in the north (2.93 ± 0.08 in Kaikoura 















higher values of TL (3.12 ± 0.08) compared to that of specimens collected from Otago (2.71 ± 
0.09), F = 11 and p = 0.004.  In each of these cases, results from a non-parametric Wilcoxon 
test gave the same results as ANOVA, except for red cod and tarakihi.  While red cod showed 
significant differences in %Macroalgae between Akaroa and Kaikoura (z = 2.56, p = 0.011), 
tarakihi had significant differences in %Macroalgae values between Otago and Kaikoura (z = 
2.38, p = 0.018) and Akaroa and WCR (z = -2.43, p = 0.015) but not Akaroa and Kaikoura.  
TL of tarakihi was also significantly higher in Kaikoura than in WCR when analyzed with a 
non-parametric test (z = -2.84, p = 0.005).  When results from Otago and Kaikoura (the 
regions with the largest amount of species sampled) were compared, there was a clear 
difference in TL of individual species, with a larger percentage of fish diets supported by 
organic matter derived from macroalgae in Otago compared to Kaikoura (Figure 3.3).   
Figure 3.3. Average trophic level (TL) and relative contribution of organic matter derived from 
macroalgae (%Macroalgae) to a fish’s diet (0 to 1) for an exploited fish community sampled from 
Kaikoura (grey symbols) and Otago (black symbols).  Error bars represent ± 1 standard error 
 
3.3.3. Differences in community niche breadth between Otago and Kaikoura 
Results from Layman’s metrics analysis suggested differences in niche space for the 
communities sampled in Otago and Kaikoura.  Ranges of δ15N (2.29 and 2.11‰) and δ13C 
(1.18 and 1.25‰), CD (0.88 and 0.72‰) and SDNND (0.34 and 0.33‰) showed small 
differences between Otago and Kaikoura communities, with overlapping 95% credible 
intervals.  In contrast, MNND was higher in Kaikoura (0.71‰) than in Otago (0.45‰), 
although they were also not significantly different when comparing credible intervals.  The 















Standard Ellipse Area corrected for small sample sizes (SEAc) showed an increase in niche 
space inferred by isotopic values, from 2.09‰2 in Otago to 2.8‰2 in Kaikoura (Figure 3.4).  
Species that inhabit the inner shelf and slope had only small differences in SEAc calculated 
from Otago and Kaikoura,1.44 to 1.24‰2 and 0.74 to 0.52‰2, respectively.  In contrast, 
assemblages from the outer shelf had much smaller SEAc values in Otago (1.94‰
2) than 
Kaikoura (2.78‰2), at a 75% credible interval (Figure 3.5).  These dissimilarities in metrics 
of community niche space between regions were largely driven by changes in the niche space 
of tarakihi (Figure 3.6).  While all the species inhabiting the outer shelf showed differences in 
SEAc, tarakihi was the only one to be above the 95% credible interval, with an increase of 
almost 3-fold in SEAc between Otago and Kaikoura (1.24 and 3.31‰
2).   
Figure 3.4. Isotopic niche space represented by δ13C and δ15N from fish communities sampled from 
Otago (black) and Kaikoura (red) circled with their respective Bayesian inferred ellipses.  Dotted lines 
represent the minimum convex hull of each community 
Figure 3.5. Standard ellipse areas corrected for small sample sizes (SEAc) from isotopic space 
represented by δ13C and δ15N from fish communities from Otago and Kaikoura.  Fish species were 
split into inner shelf (IS), outer shelf (OS) and slope (SP) assemblages.  Black dots are the modes of 
the Bayesian SEAc values with 50, 75 and 95% credible intervals in grey bars.  Red crosses are the 
maximum likelihood estimates of SEAc 
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Figure 3.6. Standard ellipse areas corrected for small sample sizes (SEAc) from isotopic space 
represented by δ13C and δ15N from the outer shelf fish assemblage from Otago and Kaikoura 
represented by barracouta (BAR), red cod (RCO) and tarakihi (TAR).  Black dots are the modes of the 
Bayesian SEA values with 50, 75 and 95% credible intervals in grey bars.  Red crosses are the 
maximum likelihood estimates of SEAc 
 
3.3.4. Amount of coastal primary producers supporting commercial catches 
The Otago region had, on average, higher total commercial fisheries landings of key 
exploited species (barracouta, blue cod, red cod, sea perch, slender jack mackerel and 
tarakihi) when compared to landings from Kaikoura between 2013 and 2017, 1162.5 versus 
880.1 tonnes.  Nevertheless, the biomass of organic matter derived from macroalgae 
estimated to support those catches was very similar, 26,678.4 versus 27,648.9 tonnes 
respectively.  The biomass of organic matter derived from macroalgae that supported catches 
of tarakihi, slender jack mackerel and barracouta was different between regions.  Accordingly, 
the ratios of tarakihi’s and slender jack mackerel’s catch to macroalgae biomass supporting its 
landings were higher by two and four-fold respectively between Kaikoura (0.033 and 0.083) 
and Otago (0.017 and 0.019).  In contrast, barracouta had the reverse trend, with a higher ratio 
in Otago (0.097) than in Kaikoura (0.049).  Sea perch had the highest ratio for all the species 
but did not show large differences between regions (0.11 for Kaikoura and 0.13 for Otago), 








 Differences in δ15N and δ13C values of fish muscle tissue, as well as estimated 
%Macroalgae and TL displayed linear relationships with latitude for all species analyzed, 
except for blue cod.  Values of isotopes and trophic parameters varied between regions and in 
some cases, among years.  Similarly, values of δ15N and δ13C, as well as estimated 
%Macroalgae and TL were found to have linear relationships with total length for all species 
analyzed, except blue cod.  Although %Macroalgae and δ15NSource estimated in the present 
study had a significant relationship with latitude, fish length and varied between species, TL 
was not significantly correlated with latitude or fish length.  Furthermore, general linear 
models demonstrated that TL and %Macroalgae of all species, except blue cod, varied with 
specimens’ size.  These results corroborate a large amount of evidence that isotope values and 
trophic parameters of consumers can present large variations in space and time (Cherel & 
Hobson, 2007; Trueman et al., 2012).  The results also demonstrate that, although specimens 
of different sizes do rely on different resources and feeding pathways, and variation of TL 
with length within each species does exist, species commonly occupied a specific range of 
trophic levels within each community.  The observed pattern corroborates earlier studies 
indicating that although fish TL is related to body size, these patterns are usually driven by 
ontogenetic shifts and habitat use within populations (Dalponti et al., 2018; Ladds et al., 
2020).   
After the variation in total length among species was accounted for by the removal of 
outliers, a decreasing trend in the contribution of organic matter derived from macroalgae to a 
fish’s diet from south to north was demonstrated.  The trend was consistent among all species, 
except for blue cod where no linear trend was resolved.  Differences in TL between regions 
were more variable, but there was a general trend of higher TL in the northern regions, i.e. 
WCR and Kaikoura, for barracouta, slender jack mackerel and tarakihi.  Ling collected from 
deeper environments inside the WCR had a significantly higher trophic level than specimens 
collected from Otago, supporting previous studies that indicated ling feeds at a higher trophic 
level in deepwater habitats (Dunn et al., 2010).  
Regional differences of TL were observed to differ between the sampling years in 
Otago for blue cod and in Kaikoura for sea perch.  Blue cod from Kaikoura displayed a 
decrease in %Macroalgae between years.  Similarly, an increase in TL of sea perch from 
Kaikoura was observed, while blue cod sampled from Otago decreased in TL between 2017 
and 2018.  These observed variations could be a result of a regional change in the isotopic 
values of the basal organic matter sources between years, although previous studies indicate 
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that δ13C and δ15N values of macroalgae and SPOM have long-term stability in these regions 
(Van Hale, 2003; Vanderklift & Bearham, 2014).  Changes in resource use with time was also 
evidenced by changes in δ15N and δ13C values of muscle tissue samples from a sea perch 
population collected from Otago in 2015/16 and the later sampling years in 2017/18 and 
2018/19.  Variation in length and weight of sea perch specimens was not observed among 
years, while δ13C did not display the positive linear relationship with length and weight 
observed during the 2017/18 and 2018/19 sampling seasons.  Likewise, there was no clear 
relationship between δ13C and C:N for any given year, indicating that the differences observed 
here were not related to contrasting lipid contents from different individuals.  These results 
demonstrate that isotope values of fish muscle tissue can present temporal variability that is 
not linked to regional or individual body condition changes.  The higher values of δ13C and 
δ15N observed in samples collected in 2015/16 indicate a higher contribution of organic 
matter derived from macroalgae compared to organic matter from SPOM supporting the 
underlying food web of fish.  This pattern indicates a shift in benthic-pelagic coupling 
processes between years, likely driven by prey resource use and availability in the region 
during that period (Funes et al., 2018; Hobson et al., 1995).  For example, Funes et al. (2018) 
have shown that different morphological types of squat lobster (Munida gregaria) exploit 
basal organic matter sources with contrasting δ13C values.  M. gragaria can contribute 
disproportionally to the diet of commercial fishes in Otago (Graham, 1939), including sea 
perch, and have high variation in abundance in the region (Zeldis & Jillett, 1982).  Therefore, 
temporal changes in its abundance and resource use would likely alter energy transfer and 
cause the variation in isotope values observed in the present study.  
Contributions of organic matter derived from macroalgae were significantly lower in 
Kaikoura than in Otago for all species, except blue cod.  Blue cod have small home ranges as 
adults and is the only species analyzed in the present study that is found only in coastal waters 
shallower than 150 meters (Carbines & Mckenzie, 2001; Rodgers & Wing, 2008; Russell, 
1983).  These results are consistent with the idea that differences in the contribution of 
organic matter derived from macroalgae affect the trophic ecology of species outside coastal 
environments (Udy et al., 2019b).  These differences challenge the similarity between the 
coastal marine habitats in Otago and Kaikoura, with a relative lack of coastal-offshore 
connectivity in the latter.  One explanation for the observed pattern would be the reduced 
export of organic matter from the coastal zone in Kaikoura when compared to Otago.  Schiel 
et al., (2019) reported coastal habitat modification and mass mortality of kelp and grazing 
invertebrates after the Kaikoura 7.8 magnitude earthquake in 2016, which could have resulted 
in the patterns seen in the present study.  This natural event has resulted in coastal uplifts of 
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between 1 and 6 meters (Hamling et al., 2017) and removal of the benthic community in the 
region (Mountjoy et al., 2018).  Even 19 months later, biophysical conditions remained 
altered, with low cover of habitat-forming brown kelp and high sedimentation rates (Alestra et 
al., 2019).  Because of the lack of long-term isotopic data on the commercial species, 
comparing these results with pre-earthquake values is not possible, but the findings 
corroborate information collected on shifts in habitat use by sperm whales (Physeter 
macrocephalus, Physeteridae) in Kaikoura after the 2016 earthquake (Guerra et al., 2020).  
Sperm whales are top predators that feed on large fishes as well as an array of squid species 
(Guerra, 2018) and typically alter foraging behavior with changes in prey distribution.  
Therefore, shifts in feeding behavior reported by Guerra et al., (2020) are likely related to 
changes in fish distribution, linked to the regional differences in resource use observed for the 
exploited fish community.  Habitat fragmentation and reduction of organic matter export by 
coastal communities would likely drive shifts in %Macroalgae for species outside the reefs 
when compared to reef-associated species such as blue cod, with impacts on their life 
histories.  Surveys have also demonstrated that relative abundance, size and age structure of 
blue cod populations in Kaikoura have not significantly changed after the 2016 earthquake 
(Beentjes & Page, 2018), indicating none or small effects to the local blue cod population.   
There were large differences in Layman’s metrics calculated from community samples 
between Otago and Kaikoura.  SEAc indicated that the isotopic niche space of the exploited 
community sampled from Kaikoura was larger than in the Otago region.  The observed 
pattern could be primarily explained by larger isotopic variability among species from the 
outer shelf habitats.  When SEAc was calculated for each species inhabiting the outer shelf, 
tarakihi was the only species with significant differences in isotopic niche space between 
Otago and Kaikoura.  These results demonstrate that the variability in the niche space of 
tarakihi populations between regions was largely responsible for the differences in 
community SEAc observed.  Previous studies have shown an increase in individual niche 
variation of Arctic charr (Salvelinus alpinus, Salmonidae) due to intense intraspecific 
competition for a reduced amount of resources (Amundsen, 1995).  Tarakihi is a demersal fish 
that feeds on a broad range of infaunal and epifaunal invertebrates by ingestion of sediment 
(Godfriaux, 1974), highly susceptible to habitat degradation from anthropogenic (trawling) 
and natural (earthquake) impacts (Clark et al., 2016; Jennings et al., 2001), which could have 
caused the increased niche breadth measured in Kaikoura.  Distance from past earthquake 
epicenters was among the most important parameters describing variations of fish prey 
invertebrates in Canterbury Bight, while their abundance was negatively correlated with 
fishing effort, reducing prey biomass and productivity by half (Tuck et al., 2017).  Trawling is 
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known to have a direct (fish removal) and indirect effect (bottom habitat degradation) on local 
fish communities, with the potential to adversely affect fisheries yields (Clark et al., 2016; 
Jennings et al., 2001).  Historical data documents large differences in trawling effort between 
Otago and Kaikoura between 1989 and 2005 (Baird et al., 2011), reflecting the higher 
historical commercial landings of local demersal species in Kaikoura (Annala, 1988).  
Furthermore, the most recent stock assessment reported that tarakihi stocks were overfished 
inside the FMA 3, with biomass significantly below the soft limit (MPI, 2018).  Individual 
and species niche variation have been previously linked to contrasting morphological traits in 
fish communities (Ingram & Shurin, 2009; Schluter & McPhail, 1992), this is unlikely to be 
true for tarakihi, due to its non-selective feeding strategy (Godfriaux, 1974; Graham, 1939).   
Mean nearest neighbor distance in the isotopic values of individual fish species were 
40% lower in Otago than in Kaikoura.  Higher values of MNND indicate a more dispersed 
food webs with less trophic overlap and a potential for an increased number of feeding 
pathways.  These results were mainly due to similar TL displayed by barracouta and sea 
perch, as well as by tarakihi and slender jack mackerel in Otago but not in Kaikoura.  Large 
omnivores and carnivores that occupy similar lower positions on the food web, but still have 
different traits, as seen in the present study for Otago, can help to increase food web stability 
and resilience to anthropogenic stressors (Petchey et al., 2008; Peterson et al., 1998).  The 
decreased trophic overlap estimated for the same community in Kaikoura likely indicates a 
marine system experiencing resource limitation, with associated decreases in productivity 
(Bolnick et al., 2003; Jack & Wing, 2011).  These trophic patterns are associated with reduced 
resilience to impacts and more susceptibility to declines due to local extinction and harvesting 
(Kadoya & McCann, 2015).  Although the results of the present study showed remarkable 
regional differences in the trophic structure of the exploited fish communities, long-term 
studies are needed to investigate the drivers of these differences. 
While the estimated biomass of organic matter derived from macroalgae required to 
support fisheries was very similar for Otago and Kaikoura, commercial catches were almost 
25% higher in Otago.  Fishes from Otago also had a higher reliance on macroalgal 
productivity, which was coupled with lower TL for the most abundant species in the fisheries.  
Commercial catch per unit of effort (CPUE) of the exploited fish species in Otago and 
Kaikoura were calculated by dividing the estimated commercial catch by the number of 
fishing events, between 1990 and 2017, provided by Fisheries New Zealand.  Slender jack 
mackerel was excluded from those comparisons due to extremely large catches before the 
year 2000, which were probably comprised of a mixture of mackerel species.  The total 
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number of fishing events in each region had the same amount of variation among years, but 
fishing effort in Otago was lower (3289 ± 128 events per year) throughout the whole period 
when compared to fishing effort in Kaikoura (3947 ± 178 events per year).  Averages of the 
total catch per year were comparable between regions in the time series up until 2005 (1476 ± 
196 tons in Otago and 1642 ± 70 tons in Kaikoura), after that total catches decreased to 831 ± 
41 tonnes in Kaikoura and to 1093 ± 101 tonnes in Otago.  CPUE in Otago were relatively 
stable over time except for a small decrease after 2004 for tarakihi and sea perch, and 
apparent recovery in 2011.  On the other hand, CPUE in Kaikoura presented a steep decline 
for all species after the year 2004 (Figure 3.7).  Organic matter derived from macroalgae is 
known to support a high diversity of marine organisms and is especially important supporting 
the biomass of high trophic level species and top predators (Koenigs et al., 2015; Lusseau & 
Wing, 2006; McLeod & Wing, 2007).  In the present study, species contributing to the highest 
catches in the southern regions of the study area relied more heavily on macroalgae 
production and occupied a lower trophic level than those in the north.  Predator abundance 
and distribution are known to vary with prey biomass and availability.  Prey biomass can be 
enhanced by external subsidies (e.g. macroalgae production), increasing local predator 
abundance beyond what the local resources (e.g. phytoplankton) can support (Polis et al., 
1997; Udy et al., 2019c).  The higher reliance on coastal resources by the local food web was 
concomitant to the decrease in trophic level for barracouta and sea perch, likely reflecting 
increases in the trophic overlap by these species (e.g. Lawton et al. 2010; McLeod et al. 
2010).  Although the identification of the drivers for the observed differences in trophic 
structure was not possible, higher reliance on macroalgal productivity was associated with a 
more stable food web that supported higher fish biomass and fisheries yields (Udy et al., 
2019c, 2019b).   
While most of the specimens were collected during the spring and summer months, 
fishes from the Canterbury Bight and Pegasus Bay Trawl survey were collected throughout 
April and May 2018.  While differences in the timing of sampling may have resulted in 
differences in isotopic values through shifts in baseline values of organic matter source pools, 
muscle tissue used in the present study has a slow turnover rate (Skinner et al., 2017; Suring 
& Wing, 2009).  Accordingly, the effects of change in isotopic values of baselines are 
expected to be minimal and within the range of variability in isotopic values of source pools 
used in the present study (Van Hale 2003, Chapter 2).  To estimate the contribution of organic 
matter derived from macroalgae to the commercial catch in each region, fisheries data from 
Fisheries New Zealand were used.  In this dataset, green weight catches from all fishing 
methods were estimated by the fishermen for the top 5 or 8 species caught during each fishing 
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trip (depending on fishing method) and data was only compiled if three or more boats were 
fishing at the time data was collected.  Accordingly, the dataset has an inherently low 
resolution of catch histories.  Nevertheless, Fisheries New Zealand data are the only available 
data with which to compare commercial catches between regions inside the ECSI.  These 
datasets were used to evaluate long-term, common catch trends between regions, while 
absolute values and single year averages were not analyzed, despite lack of accurate and 
complete data collection.  Although only seven commercial species were analyzed in the 
present study, they were representatives of the inshore, outer shelf and slope habitats, 
including demersal (blue cod, red cod, tarakihi, sea perch), benthopelagic (barracouta), 
pelagic (slender Jack Mackerel) and bathydemersal (ling) species with high commercial 
importance, both in regards of value and total landings (Fisheries New Zealand, 2019; Stats 
NZ, 2019).  Because there was a relationship between length and isotopic values used to 
calculate the trophic level of fish, some of the results presented here were dependent on 
specimen’s size, which should be considered in future comparisons. 
The present study is the first to investigate temporal and regional differences in the 
trophic structure of exploited fish communities along the east coast of the South Island of 
New Zealand.  Here trophic parameters estimated from isotopic analysis of fish muscle tissue 
varied along the coast and between regions sampled.  The observed differences indicated a 
lower reliance on macroalgae productivity, fisheries yield and trophic overlap in Kaikoura 
region when compared to a similar fish community in Otago.  Community-wide analysis 
indicated that tarakihi was the only species with larger niche breadth in Kaikoura compared to 
Otago.  This pattern could be explained by the recent overexploitation of tarakihi as well as 
the chronicle disturbance of benthic habitats from trawling and the Kaikoura earthquake, but 
long-term studies on changes in the trophic ecology of species are needed to pinpoint these 
impacts.  Here evidence of regional differences in the trophic structure and use of coastal 
organic matter by an important exploited community managed as a single stock was provided.  
These results provide a first step towards gathering vital ecological information for the 









Figure 3.7. Commercial estimated reported landings per unit of effort (kg x fishing events-1) between 






































Chapter 4                                                                                                     
Effects of fixatives on stable isotopes of fish muscle tissue: implications for 
trophic studies on preserved specimens 
 
“This chapter has been published in the peer-reviewed scientific journal “Ecological 
Applications” on the 20th of February 2020, with contributions from Amandine Sabadel, 




Isotopic ecology has been widely used to understand spatial connectivity and trophic 
interactions in marine systems.  However, its potential for monitoring an ecosystems’ health 
and function has been hampered by the lack of consistent sample storage and long-term 
studies.  Preserved specimens from museum collections are a valuable source of tissue for 
analyses from ancient and pre-modern times, but isotopic signatures are known to be affected 
by commonly used fixatives.  The aim of the present study was to understand the effects of 
fixatives on isotopic signatures of bulk tissue (δ13Cm and δ
15Nm) and amino acids (δ
13CAA and 
δ15NAA) of fish muscle and to provide correction equations for the isotopic shifts.  Two 
specimens of each: blue cod (Parapercis colias), blue warehou (Seriolella brama) and king 
salmon (Oncorhynchus tschawytscha) were sampled at five locations along their dorsal 
musculature, at four time periods: (1) fresh, (2) after one month preserved in formalin, (3) 
three and (4) twelve months fixed in either ethanol or isopropanol.  Lipid content was 
positively correlated with C:N ratio (r² = 0.83) and had a significant effect on δ13C after 
treatments, but not on δ15N.  C:N ratio (for δ13Cm) and %N (for δ
15Nm) from preserved 
specimens contributed to the most parsimonious linear models, which explained 79% of the 
variation due to fixation and preservation for δ13C and 81% for δ15N.  δ13CAA were generally 
not affected by fixatives and preservatives, while most δ15NAA showed different signatures 
between treatments.  δ15NAA variations did not affect the magnitude of differences between 
amino acids, allowing scientists to retrieve ecological information (e.g. trophic level) 
independently of time under preservation.  Corrections were applied to the raw data of the 
experiment, highlighting the importance of δ13Cm and δ
15Nm correction when fish muscle 
tissues from wet collections are compared to fresh samples.  The results of the present study 
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make it possible to retrieve δ13Cm, δ
15Nm, δ
13CAA and δ
15NAA from museum specimens and can 
be applied to some of the fundamental questions in ecology, such as trophic baseline shifts 





























The impacts of anthropogenic activities have become increasingly evident in both 
coastal and oceanic marine environments, with consequences for the structure and function of 
marine ecosystems  (Harley et al., 2006; Shackell et al., 2010).  For example, oceanic 
warming, eutrophication and overfishing have been linked to dramatic changes in marine 
ecosystems at decadal to 100-year time scales (Jackson, 2001; Wing & Wing, 2001).  
Overfishing and climate variations, resulting in stock collapses, has emerged as a primary 
stressor in these systems.  Information gleaned from fish scales and vertebra preserved in 
archival collections has proved to be a useful resource for resolving changes in food web 
structure over time and providing a reference point for studies of modern systems (Rosenberg 
et al., 2005; Valdés et al., 2008).  Similarly, stable isotope analyses (SIA) have been used to 
resolve trophic level decreases of important commercial species at decadal time scales, related 
to fishing pressure and stock status (Wainright et al., 1993), presenting a powerful tool to 
access changes in trophic structure in marine systems over longer time scales. 
Ecological studies that focus on unraveling the effects of stressors within specific 
habitats often use nearby “control” or “reference” sites for comparison with impacted sites.  
The approach relies on the assumption that the effect of a stressor on a given response 
variable will be greater than the inherent spatial heterogeneity of that variable among sites.  
The assumption is often violated in field studies where heterogeneity of habitats is high.  An 
alternative approach is to use time series to resolve the impact of a stressor or shift in 
ecological baseline conditions.  In this case, long-term data can be used to resolve ecological 
changes across time scales that encompass more than a human lifetime or scientific career 
(Chen et al., 2011).  Long-term ecological studies highlight how environmental baselines are 
important when measuring the extent of stressors, or the potential for recovery of ecosystems 
(Lotze et al., 2011; Vander Zanden et al., 2003).  Finally, incorporating long-term data into 
the framework of ecological science and management provides an important reference for 
studies of modern ecological systems (Jackson, 2001; Tallis et al., 2004; Wing & Wing, 
2001). 
Although there has been an increasing number of studies on food web dynamics and 
ecological baseline shifts over decadal and 100-year time scales in aquatic environments, 
most of the work has been carried out in freshwater systems (Kishe-Machumu et al., 2017; 
Schmidt et al., 2009; Vander Zanden et al., 2003).  Trophic data acquired from whole, 
preserved specimens from past time periods were directly compared with those from 
specimens collected in modern times.  In contrast, investigations in marine systems usually 
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rely on data acquired from otoliths, scales and bones, which can limit the analytical tools 
available to estimate trophic relationships.  Most relevant historical specimens have been 
fixed in formalin to preserve soft tissues and/or stored in alcohol, but these preservation 
methods can influence the data, including stable isotope values, that can be obtained from 
these specimens (Sweeting et al., 2004). 
Muscle tissue has relatively slow turnover rates compared to other tissues.  Therefore, 
it is the most common tissue used to identify dietary variations and the routing of organic 
matter in ecological studies, especially in aquatic environments (Dalerum & Angerbjörn, 
2005; Pinnegar & Polunin, 1999).  Stable isotopic ratios of carbon and nitrogen acquired from 
samples of whole muscle tissue (δ13Cm and δ
15Nm) are the most commonly used in trophic 
studies (Ramos & González-Solís, 2012).  In the present study trophic level is considered the 
number of trophic exchanges between basal organic matter sources and a consumer, while 
trophic position is defined as a combination of its trophic level and organic matter resource 
use (e.g. % of kelp-derived organic matter).  The application of isotopic ecology using δ13Cm 
and δ15Nm rely on an understanding of the isotopic fractionation (δ
 13C, δ 15N) that occurs 
between trophic positions.  δ13Cm has been observed to have only small changes, in the range 
of 0.4-1.1‰ for δ
 13C (McCutchan et al., 2003) and present different signatures between 
important primary producers (O’Leary, 1981).  Therefore, variability in δ13Cm provides a 
reliable tracer for sources of organic matter supporting food webs (Jack et al., 2009; McLeod 
et al., 2010a).  In contrast, δ15Nm increases in the range of 1.4-5.6 ‰ for δ
 15N when organic 
matter is transferred between consumers.  Thus, changes in δ15Nm relative to the N isotopic 
baseline, from the mixture of basal organic matter sources in the food web (δ15Nbase), is a 
useful tool to estimate trophic level (McCutchan et al., 2003; Post, 2002).  Stable isotopes of 
fish muscle tissue represent an integration of δ13C and δ15N from the diet over weeks or 
months (Suring & Wing, 2009), hence δ13Cm and δ
15Nm are an effective tool for 
reconstruction of food web relationships not subject to small scale variability in the diet (Jack 
et al., 2009; Wing et al., 2012).  
Another powerful tool to resolve the flux of organic matter within food webs is the use 
of Compound-specific Stable Isotopic Analysis of Amino Acids (CSIA-AA).  The technique 
can be used to measure natural isotope abundances of single amino acids, which constitute 
proteins, making up most muscle tissues (Alberts et al., 2015).  Because different amino acids 
are subject to different metabolic processes, some undergo isotopic fractionation with each 
trophic transfer while others maintain isotopic ratios close to their original values throughout 
the food web.  The effect is well-described for δ15NAA (Chikaraishi et al., 2007, 2009; Popp et 
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al., 2007), where δ15NAA of ‘source’ amino acids such as phenylalanine, those subject to 
metabolic processes with little δ15NAA change, represent the signature at the base of the food 
web.  Analysis of δ15NAA can lead to a more accurate estimate of how the δ
15Nbase of a food 
web may have changed over time, providing an important complement to studies using 
isotopic analysis of whole muscle tissues.  δ15NAA of ‘trophic’ amino acids, such as glutamic 
acid, which undergoes fractionation due to metabolic transamination, can be compared 
relative to δ15NAA at the base (e.g. phenylalanine) providing an accurate estimate of the 
trophic level of a consumer.  Trophic levels can then be compared among groups independent 
of information on δ15N of basal organic matter sources (Bradley et al., 2015; Chikaraishi et 
al., 2009; McMahon & McCarthy, 2016; Popp et al., 2007).  Additionally, CSIA-AA of 
δ13CAA has been used to investigate changes in basal organic matter source pools in food web 
studies (Fantle et al., 1999; Lorrain et al., 2009). 
After the discovery of formaldehyde in 1859 and the first paper describing its effective 
use against bacterial growth (Blum, 1893), it started to be used by museum curators 
worldwide to preserve whole specimens.  Since then, fish specimens have been exhaustively 
collected around the world, primarily because of the need to register and describe new 
species.  Consequently, museum collections have become a rich source of historical samples, 
and potentially an important resource of samples for trophic studies. 
Most of the fish specimens available from museum wet collections have been fixed in 
formalin and subsequently preserved in ethanol or isopropanol.  It is known that the natural 
abundances of C and N isotopes change in muscle tissue due to exposure to fixatives (Bosley 
& Wainright, 1999; Kishe-Machumu et al., 2017).  Thus, to compare the trophic ecology of 
preserved specimens over time using stable isotope analysis, one needs first to understand 
how fixatives induce isotope fractionation.  Correction equations have been generated from 
empirical studies for other organisms (Bugoni et al., 2008; González-Bergonzoni et al., 2015), 
but relatively few studies have resolved the effects of fixatives on δ13Cm and δ
15Nm in marine 
fish.  Studies have focused on fixative effects on δ13C and δ15N of preserved zooplankton 
since the 1980s (Mullin et al., 1984), with increased interest in using stable isotope analysis 
on preserved fish tissues beginning in the late 1990s (Bosley & Wainright, 1999).  Although 
16 studies have been dedicated to the subject to date, only eight have investigated fixative 
effects in marine fishes, with a total of 14 species studied.  
Penetration rates of fixatives increase with surface area to volume ratio and muscle 
exposure (Thavarajah et al., 2012).  Museums typically maintain their specimens in as intact 
condition as possible while in contact with the fixatives, but only three studies to date have 
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used whole fish during the investigations of fixative effects on δ13Cm and δ
15Nm (Arrington & 
Winemiller, 2002; Bosley & Wainright, 1999; Edwards et al., 2002).  Furthermore, only one 
study has investigated the effect of removing lipids on the isotopic signatures of fixed fish 
tissues (Kelly et al., 2006).  Kelly et al., (2006) demonstrated that lipid-free treatments of 
muscle tissue from preserved Arctic charr (Salvelinus alpinus, Salmonidae) had different 
δ13Cm and δ
15Nm than those of untreated muscle.  Further, studies have highlighted the 
importance of considering lipid content on isotopic analysis of whole preserved organisms 
(Ruiz-Cooley et al., 2011; Sweeting et al., 2004), but have not provided statistical effects for 
either the lipid or fixative treatments on the observed isotopic shifts of δ13Cm and δ
15Nm.     
The long-term effects of fixation in formalin on δ15NAA are negligible for fish muscle 
tissues (Ogawa et al., 2013) and for some zooplankton tissues (Hannides et al., 2009).  
Nevertheless, only one study to date has tested the effects of formalin fixation followed by 
alcohol preservation on δ15NAA (Hetherington et al., 2019).  Here significant fractionation in 
δ15NAA between 0.5 and 4.5 ‰ was reported, but the effects of formalin fixation and alcohol 
preservation on δ13CAA of fish muscle tissues have not been resolved. 
The aim of the current study was to understand the effects of formalin fixation, 
followed by ethanol and isopropanol preservation, on isotopic ratios of bulk tissue (δ13Cm and 
δ15Nm) and amino acids (δ
13CAA and δ
15NAA) of fish muscle to generate a statistical 
relationship that could be used to correct for these effects.  The results provide a method to 
resolve intraspecific changes in trophic position in marine fishes from museum wet 
collections.  The approach was divided into four specific objectives: 
1) A meta-analysis of studies to date was carried out to investigate how δ13Cm and 
δ15Nm changed over time under formalin and ethanol treatments.  To use the largest dataset 
possible and to allow for a comparison between ecosystem types, both marine and freshwater 
fish species were included.  Data on freshwater species comprised a majority of the meta-
analysis, which could result in greater variation in tissue composition (regarding isotopes and 
concentrations of C and N) when compared to the marine species dataset.  To account for this 
possible effect, the effects of preservation and fixation in marine and freshwater species were 
directly compared before the meta-analysis was carried out. 
2) C:N ratio has been highlighted as an important determinant of variability in δ13Cm 
and lipid content in muscle tissue (Post et al., 2007), but this has been criticized (Fagan et al., 
2011).  To address this disagreement, the relationships between lipid content, C:N and δ13Cm 
were tested for the samples used in the present study and compared with correction equations 
in the literature. 
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3) An experiment was carried out to test the effects of formalin fixation and alcohol 
preservation on δ13Cm and δ
15Nm of marine fishes with a range of lipid content.  Museum 
samples were usually preserved either in ethanol or isopropanol after fixation in formalin.  To 
account for different alcohol preservation effects on isotopic ratios, samples were separated 
into ethanol and isopropanol alcohol treatments and compared their effects on δ13Cm and 
δ15Nm.  Treatment, sample location and species effects on isotopic shifts in δ
13Cm and δ
15Nm 
were investigated.  A statistical correction for the effects of fixatives for δ13Cm and δ
15Nm was 
then generated.  Since lipid content can bias studies applying δ13Cm to resolve trophic 
relationships, lipid-free values were used as the control for the δ13Cm in the statistical model. 
4)  Lastly, how δ13CAA and δ
15NAA values of eleven amino acids change under different 
preservatives and over time was tested.   
It is hypothesized that shifts in bulk isotope values would not be dependent on time 
under preservation, that lipid content of the muscle tissue would be an important factor 
covarying with shifts in δ13Cm but not in δ
15Nm, and that C:N ratios from the preserved 
specimens could be used to account for these deviations.  For the CSIA-AA analyses, it is 
hypothesized that neither the preservation nor the fixation would influence δ13CAA, but that 
they would influence δ15NAA.  The results provide the first detailed analysis of the effects of 
formalin fixation and alcohol preservation on δ13Cm, δ
15Nm, δ
13CAA and δ
15NAA of marine fish, 
providing an important step towards accessing trophic information from specimens in the vast 















4.2.1. Meta-analysis of effects of formalin and alcohol on δ13Cm and δ15Nm  
Data on formalin and ethanol effects on δ13Cm and δ
15Nm were retrieved from the 
literature.  Only a few studies investigated fixation followed by preservation effects; thus, 
data were restricted to studies with individual treatments of formalin and ethanol, rather than 
the treatments in combination.  When data was not available from the publication or 
supplementary documents, values were extracted from graphs using the software Digitize it 
4.2.0 (Carrascal, 2016). 
 
4.2.2. Sample collection and experimental design 
To standardize the fixation procedure, guidelines provided by the Museum of New 
Zealand Te Papa Tongarewa were used (Roberts et al., 2015).  The guidelines call for fixing 
specimens for a month in 10% formalin (4% solution of 40% formaldehyde), followed by 
three weeks of preservation progressively increasing concentrations of ethanol (at 50%, 60% 
and 70%) or isopropanol (30%, 40% and 50%) with the duration of one week for each 
concentration increment.  The alcohol type is usually chosen by fish size and chemical 
availability.  For the controlled laboratory experiment, three species of fish with muscle lipid 
content of 0.7 (blue cod, Parapercis colias, Pinguipedidae), 4.4 (blue warehou, Seriolella 
brama, Centrolophidae) and 7.2 % (king salmon, Oncorhynchus tshawytscha, Salmonidae) 
were used, based on a previous study that quantified lipid concentrations of whole fish fillets 
in New Zealand (Vlieg & Body, 1988).  These species represent more than 90% of the lipid 
content spectrum of 55 representative commercial fish species of New Zealand, which ranges 
from 0.5 to 14.2 with an average of 2.6%.  P. colias (PC; n = 2) was collected in the 
Marlborough Sounds, S. brama (SB; n = 2) was provided by commercial anglers fishing on 
the Otago coast, and O. tshawytscha (OT; n = 2) was provided by the Dunedin community 
salmon hatchery.  The individuals were sub-sampled at five locations along their dorsal 
musculature before any fixative treatment, providing a control for initial conditions.  Samples 
were numbered from 1 to 5, with 1 being the closest to the head, 2, 3 and 4 were samples 
taken in the middle part of the body, and 5 was extracted from the caudal peduncle.  
Specimens were then placed inside 5-liter jars with 10% formalin for one month before the 
second set of sub-samples were taken comprising the FORMALIN treatment.  One fish of 
each species was then preserved in ethanol and the other in isopropanol for three months 
before a third sampling took place (FORMALIN+ALCOHOL treatment).  After 11 months in 
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alcohol, the specimens were sampled again (FORMALIN+ALCOHOL2 treatment).  During 
the one-year experimental duration a total of 120 samples were collected.  While all samples 
were analyzed for δ13Cm, δ
15Nm, and the proportion of N and C, only the marine 
representatives, P. colias and S. brama, were analyzed for δ13CAA and δ
15NAA of 11 amino 
acids.  
 
4.2.3. Lipid content analysis 
Control samples were analyzed for lipid content using the micro-colorimetric protocol 
developed by Handel and modified by Inouye and Lotufo (Handel, 1985; Inouye & Lotufo, 
2006).  The method improves lipid extraction compared to more conventional methods and 
allows rapid lipid determination of samples as small as 10 mg by using spectrophotometry.  
20 mg of each sample was weighed, and lipids were extracted in a reaction tube using a 1:1 
chloroform:methanol solution.  Tubes were centrifuged to allow separation of liquid (lipids + 
alcohols) and solid (lipid-free tissue) phases, and the supernatant volume was recorded.  
Triplicates containing 0.25 ml of the supernatant were extracted and allowed to evaporate 
over a heat block at 100 °C, then 0.1 ml of sulfuric acid was added to the tube to hydrolyze 
the organic molecules.  The solution was then dried on a heat block, and 2.4 ml of vanillin 
reagent was added to each tube to promote change in color related to the amount of lipid in 
the tube.  0.2 ml of each solution was placed in a slot of a 96-well plate before analysis at 490 
nm by a SpectraMax M2 Multi-mode Plate Reader Spectrometer (Molecular Devices 
Corporation, California, US).  A 5-point standard curve was produced using samples of 
commercial oil, with concentrations of 0, 0.2, 0.5, 0.8 and 1 mg/L, which was measured 
together with the fish samples.  Each 96-well plate contained an independent standard curve 
with the five concentrations of standard oil.  An instrument precision (1SD) of 0.009 mg/L 
and an accuracy of 0.03 mg/L were calculated using sample triplicates and standard values.  
Lipid concentration was then obtained through regression curves on the SoftMax Pro software 
(Molecular Devices Corporation, California, US).  From the concentrations, the lipid fraction 
of the muscle tissue samples was calculated as:     
     
% 𝑜𝑓 𝑙𝑖𝑝𝑖𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 =  












4.2.4. Stable isotope analysis 
Lipid-free tissues were washed with deionized water, dried overnight and prepared for 
isotopic analyses.  Samples from all treatments, including a lipid-free CONTROL, were oven-
dried at 60 °C for 72 h and crushed with mortar and pestle until they yielded a fine and 
homogenous powder.  All equipment was cleaned with low-linting Kimwipes® and ethanol 
and air-dried between samples to avoid cross-contamination.  Between 0.8 and 1.2 mg of each 
sample was packed in 3x5 mm tin capsules and analyzed by combustion in an elemental 
analyzer (Carlo Erba NC2500) to CO2 and N2, as described in chapter 2 (section 2.2.2).  All 
measured values for the quality control standards were in the range of accepted values.      
To investigate the relationships between C:N and δ13Cm, and to generate a correction 
equation for δ13Cm that accounted for lipid concentrations, a linear relationship between these 
variables was fitted (Post et al., 2007; Schmidt et al., 2009).  First Δδ13Cm= δ
13Cm lipid-free- 
δ13Cm was calculated for each sample, the results were regressed against C:N values, 
providing a linear relationship between changes in δ13Cm due to lipid concentrations and C:N 
ratio.  This relationship could then be used to correct δ13Cm given different lipid 
concentrations.   
 
4.2.5. Amino acid stable isotope analyses 
Amino acids were extracted by hydrolyzing 2.5 mg of the sample with 2 ml 6 M HCl 
at 110 oC for 24 hours in an N2 atmosphere.  An internal standard, norleucine (50 μl of 1 
mg/ml solution), was added to monitor the wet chemistry and AA stable isotope values.  
Solutes were then dried under a gentle flow of N2 at 60 
oC and subsequently converted into N-
Acetylisopropyl (NAIP) ester derivatives following the protocol described in (Sabadel et al., 
2016), modified from (Styring et al., 2012).  Details of the derivatization procedure can be 
found in Appendix A.4.2.  δ13CAA and δ
15NAA were measured by gas 
chromatography/combustion/isotope ratio mass spectrometer (GC-C-IRMS), using a Thermo 
Trace gas chromatograph, the GC combustion III interface, and a Deltaplus XP isotope ratio 
mass spectrometer (Thermo Fisher Scientific).  200 nl aliquots of derivatized AA were 
injected, inlet at 270 °C in splitless mode, carried by helium at 1.4 ml min−1 and separated on 
a VF-35ms column (30 m long, 0.32 mm ID and a 1.0 μm film thickness).  The GC program 
can be found in Appendix A.4.2.  For δ13CAA measurements, the oxidation reactor was set at 
950 °C and the reduction reactor at 200 oC; while for δ15NAA measurements, the oxidation 
reactor was set at 980 °C and the reduction reactor at 650 °C and a liquid nitrogen cold trap 
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employed after the reduction reactor.  Samples were analyzed in duplicates or triplicates along 
with amino acid standards of known isotopic composition (measured by EA-IRMS) and 
bracketing measurement of every two samples.  Each run contained no more than 10 samples.  
Raw δ13CAA was individually corrected relative to the amino acid δ
13CAA of the standards to 
account for the added C and kinetic fractionation introduced during the derivatization 
procedure (see Appendix A.4.2).  As for bulk isotopes, δ values of AA isotopes were reported 
following the conventional method of expressing δ at natural abundance, in per mil (‰), 
relative to an international standard: Vienna PeeDee Belemnite (VPDB) for δ13CAA and 
atmospheric N2 for δ
15NAA (Fry, 2006). 
Eleven amino acids from each sample were measured with no peak co-elutions, listed 
below.  In order of elution: alanine (Ala), glycine (Gly), valine (Val), leucine (Leu), 
isoleucine (Ile), Threonine (Thr), serine (Ser), proline (Pro), aspargine + aspartic acid (Asx), 
glutamine + glutamic acid (Glu) and phenylalanine (Phe) (see Appendix A.4.2, for a typical 
chromatogram).  Note that during the hydrolysis step, aspargine is converted to aspartic acid 
(hence the notation Asx) and glutamine is converted to glutamic acid.  Methods and analysis 
were provided by Amandine Sabadel after sample hydrolysis.  Precision (1SD) of corrected 
δ13CAA ranged from 0 to 1.1 ‰ with a mean of 0.2 ‰, while the precision for δ
15NAA ranged 
from 0 to 2.7 ‰ with a mean of 0.5 ‰. 
 
4.2.6. Data treatment and statistical framework 
Shifts of δ13Cm and δ
15Nm through time under preservation were investigated by fitting 
a linear model to published data collected in the literature review.  A Kruskal-Wallis test was 
used to compare the response of δ13Cm and δ
15Nm to treatments in formalin and ethanol 
between freshwater and marine fishes.  
A linear regression was used to test the correlation between lipid content and C:N.  
The results were used to validate the use of C:N as a proxy for lipid content in the present 
study.  Effects of ethanol and isopropanol on δ13Cm, δ
15Nm, δ
13CAA and δ
15NAA were evaluated 
using a two-way repeated-measures ANOVA, where sample locations were nested within 
individual specimens and compared with their replicate group. 
Paired student’s t-tests were used to investigate the distribution of isotopes and lipid 
content along fishes’ bodies for each species on CONTROL.  Two-way repeated-measures 
ANOVAs were used to investigate interactions between TREATMENT and SPECIES on 
bulk and AA isotopic data as described above.  To find the most parsimonious model 
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describing shifts in δ13Cm and δ
15Nm due to the separate treatments, a stepwise fit evaluation 
was applied to linear models with different combinations of variables.  Data were randomly 
split into ten K-folds for model training and testing, and statistics were averaged between the 
models.  Models explaining isotopic shifts were evaluated using both average r2 of the ten K-
folds, Akaike (AICc) and Bayesian Information Criteria (BIC), two common penalized-
likelihood methods (Akaike, 1973; Schwarz, 1978).  By using both information criteria 
methods, selecting under or overfitted models was avoided (Dziak et al., 2012).  Assumptions 
related to linear models were checked with residual plots (by predicted values, by row and 
normal quantile).  Statistical tests were carried out using the program JMP pro 14.2.0 (SAS 
Institute, 2018). 
 
4.2.7. Applying the results 
In order to better understand the importance of considering isotopic corrections after 
fixation, the trophic level and the proportion of kelp-derived organic matter supporting each 
of the three species used in the experiment were estimated using corrected and non-corrected 
δ13Cm and δ
15Nm values.  For TP calculations based on bulk measurements, a mass balance 
model approach was applied, following (Wing et al., 2012) on suspended particulate organic 
matter (SPOM) and kelp samples collected from the Otago region, New Zealand, during 
Summer 2018 and 2019 (unpublished data, but see chapters 2 and 3 for methods).  The 
organic matter source pool dataset provided robust δ13C and δ15N signatures at the base of the 
local food web, allowing for direct comparisons among species.  Fractionation values of 0.5‰ 
for δ13C and 2.3‰ for δ15N were used between trophic levels and were kept constant for all 
species (McCutchan et al., 2003).  Trophic levels calculated from δ15NAA were estimated 
using the relationship between δ15Nglu and δ
15Nphe following the equation from Chikaraishi et 











4.3.1. Literature meta-analysis 
δ13Cm and δ
15Nm data from 16 papers comprising 51 fish species were compiled and 
analyzed.  No differences in the magnitude of shifts were observed after formalin fixation 
between freshwater (average of -1.04‰ for δ13Cm and +0.24‰ for δ
15Nm) and marine species 
(average of -0.93‰ for δ13Cm and +0.28‰ for δ
15Nm) (Kruskal-Wallis test, δ
13Cm, Chi square 
= 1.28, p = 0.26, df = 59; δ15Nm, Chi square = 0.0004 , p = 0.98, df = 71).  The same was 
observed after ethanol preservation of freshwater (average of -0.10‰ for δ13Cm and +0.38‰ 
for δ15Nm) and marine species (average of -0.34‰ for δ
13Cm and +0.45‰ for δ
15Nm) (Kruskal-
Wallis test, δ13Cm, Chi square = 2.05, p = 0.15, df = 35;  δ
15Nm, Chi square = 0.71, p = 0.4, df 
= 39).  Data on the effects of formalin and ethanol on δ13Cm and δ
15Nm from the available 
literature are presented in Figure 4.1 and in Appendix 4.3. 
Considering all fish species, formalin fixation decreased δ13Cm values (-1.04 ± 0.72‰) 
while increasing δ15Nm (0.24 ± 0.43‰).  Ethanol preservation had similar effects, shifting 
δ13Cm by -0.04 ± 0.83‰ and δ
15Nm by 0.4 ± 0.54‰.  There was also an overall increase in 
variability of δ13Cm and δ
15Nm (within ± 0.5‰) in the first weeks under formalin and ethanol 
exposure, dampening their relationship, or lack of it, with the time of preservation.  Therefore, 
there were no consistent trends in changes in δ13Cm and δ
15Nm with time following formalin 
(r² < 0.01, F(1,56) = 0.23, p = 0.64 for δ13Cm and r² = 0.06, F(1,68) = 4.3, p = 0.04 for δ
15Nm) 
and ethanol treatment (r² = 0.03, F(1,32) = 1.13, p = 0.3 for δ13Cm and r² <0.01, F(1,36) = 
0.05, p = 0.1 for δ15Nm) in the literature (Figure 4.1). 
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Figure 4.1. Shifts in isotope values of fish muscle tissue with time after formalin fixation (a) and 
ethanol preservation (b) experiments retrieved from literature.  Equation and R2 are shown on top of 
each graph.  Values reported in ‰   
 
4.3.2. Lipid content and isotopes of control samples 
Lipid content was positively correlated with C:N ratio and presented low variation 
around the linear fit, independently of species or sample location (r² = 0.83, F1,28 = 0.923, p < 
0.001, Figure 4.2).  Lipid concentration within individual fish muscle tissue samples varied 
from 2.6% for O. tshawytscha to 11.2% for S. brama, while P. colias showed the highest 
average lipid content (6.6 ± 2.5%) compared to the other species (4.1 ± 1.0% for O. 
tshawytscha  and 4.8 ± 2.5% for S. brama).  Δδ13Cm displayed a linear relationship with the 
C:N values (r² = 0.91, F(1,28) = 276.12, p < 0.001): 
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This equation can then be used to standardize δ13Cm for tissues with different lipid 
concentrations, after Post et al., (2007) and Schmidt et al., (2009): 
 
𝛿13Cmcorrected = 𝛿
13Cm +  Δ𝛿13Cm 4.3) 
 
 δ15Nm differed between species but not along the length of fishes’ bodies.  In contrast, 
δ13Cm varied between sample locations within the same specimen.  After lipid extraction, the 
variation of δ13Cm was reduced, consistent with the strong relationship between lipid content 
and δ13Cm (Table 4.1). 
Figure 4.2. Relationship between lipid concentration in percentage and carbon to nitrogen ratio in fish 











Table 4.1. Comparison of means of lipid content, nitrogen and carbon isotope and carbon isotope after 
lipid extraction along each species dorsal musculature. Values after ± symbol are one standard 
deviation.  Letters represent different groups within each species (t = 2.13, α = 0.05), different letters 
represent different group means 
 
4.3.3. Effects of fixation and preservation on δ13Cm and δ15Nm 
There were no significant differences between ethanol and isopropanol treatments on 
δ13Cm (F1,24 = 0.37, p = 0.55 for 4 months treatment and F1,24 = 0.12, p = 0.73 for 1 year 
treatment) or δ15Nm (F1,24 = 2.82, p = 0.11 for 4 months treatment and F1,24 = 0.81, p = 0.38 for 
1 year treatment).  Therefore, data from both the isopropanol and ethanol treatments were 
consolidated under the same ALCOHOL treatment in subsequent analysis.  Under formalin 
and alcohol preservation, fish muscle tissue became enriched in 15N resulting in higher values 
of δ15Nm after formalin fixation and alcohol preservation (>1 ‰, Figure 4.3).  After 
FORMALIN+ALCOHOL2 treatment there was a small shift back toward initial conditions of 
δ15Nm, but the net effect was towards higher values of δ
15Nm.  All three species presented the 
same trends in δ15Nm due to formalin and alcohol treatments.  All preservation results are 
within 1‰ of each other, while they reach up to 2‰ compared to the control (Figure 4.3).  
For δ13Cm there was a trend in depletion of 
13C resulting in more negative values of δ13C due 
to formalin fixation for all species (approximately 1‰).  Alcohol treatments shifted δ13Cm 
closer to control values and were indistinguishable from controls for S. brama and P. colias 
(Figure 4.3).  Shifts in δ13Cm presented a positive trend with lipid concentration due to the 
exposure to formalin (r² = 0.21) and FORMALIN+ALCOHOL treatment (r² = 0.34).  Shifts in 
δ15Nm under fixation and alcohol preservation had no significant interaction with lipid 
content.  δ15Nm shifts were significantly different between SPECIES and TREATMENT but 




Lipid content (%) δ¹⁵N ‰ δ¹³C ‰ δ¹³C ‰ lipid free 
Oncorhynchus 
tshawytscha 
1 5.16 ± 1.55 A 13.86 ± 0.16 A -18.42 ± 0.28 B -17.56 ± 0.21 A 
2 4.18 ± 0.93 ABC 13.56 ± 0.03 AB -18.21 ± 0.01 AB -17.62 ± 0.05 A 
3 3.18 ± 0.80 C 13.45 ± 0.20 B -18.09 ± 0.02 A -17.62 ± 0.05 A 
4 3.46 ± 0.69 BC 13.28 ± 0.14 B -18.128 ± 0.05 AB -17.52 ± 0.05 A 
5 4.55 ± 0.30 AB 13.36 ± 0.02 B -18.13 ± 0.02 AB -17.52 ± 0.12 A 
Parapercis 
colias 
1 4.43 ± 0.41 D 13.27 ± 0.26 A -18.92 ± 0.02 A -18.34 ± 0.01 A 
2 10.39 ± 0.64 A 13.1 ± 0.37 A -19.76 ± 0.18 C -18.45 ± 0.11 A 
3 8.24 ± 0.43 B 12.97 ± 0.42 A -19.47 ± 0.02 B -18.3 ± 0.22 A 
4 5.77 ± 0.47 C 12.82 ± 0.10 A -19.14 ± 0.15 A -18.41 ± 0.15 A 
5 4.2 ± 0.55 D 12.87 ± 0.25 A -18.9 ± 0.08 A -18.25 ± 0.28 A 
Seriolella 
brama 
1 7.46 ± 5.29 A 14.83 ± 0.62 A -18.88 ± 0.27 A -18.11 ± 0.38 A 
2 4.79 ± 2.13 AB 14.78 ± 0.45 A -18.61 ± 0.16 A -18.06 ± 0.32 A 
3 4.18 ± 1.13 AB 14.74 ± 0.47 A -18.42 ± 0.37 A -18.06 ± 0.31 A 
4 3.8 ± 1.05 B 14.71 ± 0.45 A -18.27 ± 0.29 A -18.02 ± 0.35 A 
5 3.67 ± 0.86 B 14.97 ± 0.41 A -18.25 ± 0.47 A -17.93 ± 0.34 A 
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significantly affected by the interaction between SPECIES and TREATMENT (F4,54 = 4.14, p 
= 0.01).   
Figure 4.3. δ13Cm and δ15Nm average per treatment for each one of the fish species (n = 10).  
Treatments consisted of dried tissues (time 0), after one month under formalin fixation (FORMALIN), 
under three months (FORMALIN+ALCOHOL) and one year of alcohol preservation 
(FORMALIN+ALCOHOL2) after formalin treatments. Error bars represent one standard deviation.  
Values reported in ‰ 
 
Table 4.2. Summary of two-way repeated measures ANOVA results for δ13Cm, δ15Nm, δ13CAA and 




SPECIES   TREATMENT   SPECIES~TREATMENT 
DF F p   DF F p   DF F p 
δ13C Bulk muscle  (2,27) 40.14 <.001*  (2,54) 16.34 <.0001*  (4,54) 4.14 .01* 
Alanine (1,18) .03 .86  (2,36) 1.33 .28  (2,36) 13.24 <.0001* 
Glycine 80.93 <.0001*  4.66 .02*  21 <.0001* 
Valine 72.91 <.0001*  5.78 .01*  7.85 .001* 
Leucine 2.11 .02  1.63 .21  1.55 .22 
Isoleucine 8.16 .01*  .82 .45  7.69 .001* 
Threonine 41.23 <.0001*  .53 .60  .80 .45 
Serine 3.47 .08  .91 .41  6.23 .005* 
Proline 27 <.0001*  2.29 .12  16.81 <.0001* 
Aspartic acid 20.09 .0003*  1.16 .33  3.64 .04* 
Glutamic acid .0001 .99  3.52 .04*  2.71 .08 
Phenylalanine 14.95 .001*  0.76 .48  3.36 .05* 
δ15N Bulk muscle  (2,27) 127.16 <.0001*  (2,54) 504.86 <.0001*  (4,54) 1.88 .13 
Alanine (1,18) 160.24 <.0001*  (2,36) 13.92 <.0001*  (2,36) 9.86 .0004* 
Glycine 42.7 <.0001*  27.24 <.0001*  16 <.0001* 
Valine 82.71 <.0001*  25.37 <.0001*  25.01 <.0001* 
Leucine 435.63 <.0001*  17.62 <.0001*  14.4 <.0001* 
Isoleucine 115.46 <.0001*  25.04 <.0001*  14.41 <.0001* 
Threonine 104.32 <.0001*  2.23 .12  3.69 0.3* 
Serine 13.46 .002*  12.10 <.0001*  19.81 <.0001* 
Proline 44.67 <.0001*  50.17 <.0001*  24.76 <.0001* 
Aspartic acid 275.46 <.0001*  13.63 <.0001*  9.35 .0005* 
Glutamic acid 149.69 <.0001*  13.81 <.0001*  10.58 .0002* 




4.3.4. Model selection for preservation effects 
The general linear model that best explained δ13Cm of lipid-free control samples 
contained the predictor variables: preserved δ15Nm, preserved δ
13Cm and C:N ratio from the 
preserved tissue.  These models displayed the highest average r2 across the K-folds (0.79 for 
δ15Nm and 0.77 for δ
13Cm), indicating the best fit when random data was used to test the 
model.  Combined AICc and BIC were 2.35 and 6.65% lower than the second-best candidate 
model, respectively.  A general linear model was built with the variables cited above.  This 
model could statistically explain 79% of the total variation due to fixatives, independent of 
time, where all the terms were considered significant for the final model (p < 0.01) (Figure 
4.4 and Equation 4.4): 
Figure 4.4. Relationship between predicted and actual δ13Cm and δ15Nm values from preserved fish 
muscle (n = 60), using the empirical equation developed in this study.  δ13Cm values are corrected to 
lipid-free values.  Values for FORMALIN+ETHANOL and FORMALIN+ETHANOL2 were 
included.  Dashed line around the relationship represents 95% confidence interval.  The horizontal line 
represents the mean of the data group. Data from O. tshawytscha (OT), P. colias (PC) and S. brama 





Lipid free δ13Cm = - 8.42 + 0.07 * preserved δ15Nm + 0.76 * preserved δ13Cm + 0.97 * preserved C:N 4.4) 
 
The general linear model that best explained δ15Nm of control samples contained the 
predictor variables:  preserved δ15Nm, preserved δ
13Cm and the proportion of N from the 
preserved tissue.  AICc and BIC were 3 and 0.9 % lower than the second-best model 
candidate, respectively.  The model statistically explained 81 % of the total variation due to 
fixative effects (Figure 4.4 and Equation 4.5).  The results were also independent of time, 
where all the terms were considered significant for the final model (p < 0.02). 
 
δ15Nm= 11.25 + 0.71 * preserved δ15Nm+ 0.27 * preserved δ13Cm + -0.21 * proportion of preserved N 
 
 4.5) 
4.3.5. Compound-specific Amino acid analysis 
δ13Cgly and δ
13Cser values were lower after isopropanol preservation compared to those 
observed under ethanol preservation (0.66 and 0.45‰ respectively).  δ15Nval (1.09‰), δ
15Nasp 
(1.65‰) and δ15Nglu (1.80‰) also showed the same trend, while δ
15Nser displayed higher 
values (1.23‰).  Although those differences were significant at the 95% level, the data was 
also pulled together for the general analysis, since those differences comprised less than 20% 
of the variation observed between species (Figures 4.5 and 4.6). 
The values of δ13CAA were not found to be different between treatments (p < 0.05, 
Figure 4.5).  SPECIES had a significant interaction with TREATMENT on δ13CAA for all 
AAs, except Leu, Thr and Glu.  Although most AAs showed differences among fish species, 
Gly, Val and Glu were the only AAs that displayed significant shifts of δ13CAA between 
treatments, with the largest changes displayed by Val (-1.94‰ between CONTROL and 
FORMALIN+ALCOHOL2 treatment and 1.7‰ between CONTROL and 
FORMALIN+ALCOHOL1 treatment) (Table 4.2). 
For most AAs, enrichment of δ15N remained within 1‰, but on the 
FORMALIN+ALCOHOL2 treatment, Glu and Asp shifted by an average of 1.6‰ and 1.8‰ 
respectively.  These dissimilarities were not observed in the CONTROL samples.  
TREATMENT had a significant interaction with SPECIES for all δ15NAA (p < 0.05). 
To verify if the fixative effects would limit ecological studies applying CSIA-AA on 
preserved specimens, a paired t-test to the subtraction of δ15NGlu and δ
15NPhe between 
treatments was applied.  The subtraction of δ15NGlu and δ
15NPhe is a common part of TL 
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estimation of marine organisms using AA values (Chikaraishi et al., 2009).  No significant 
difference for the relative values of δ15NGlu and δ
15NPhe between CONTROL and 
FORMALIN+ALCOHOL (MD = -0.08, SD = 0.49, t(19) = -0.16, p = 0.87) was found, as 
well as between CONTROL and FORMALIN+ALCOHOL2 (MD = 0.75, SD = 0.45, t(19) = 
-1.67, p = 0.11), where MD states for mean difference.  
Figure 4.5. δ13CAA values of 11 amino acids of muscle tissue from S. brama and P. colias at 
CONTROL (0 months), after FORMALIN+ETHANOL (4 months) and FORMALIN+ETHANOL2 

















































0 2 4 6 8 10 12





























Figure 4.6. δ15NAA values of 11 amino acids of muscle tissue from S. brama and P. colias at 
CONTROL (0 months), after FORMALIN+ETHANOL (4 months) and FORMALIN+ETHANOL2 
(12 months) treatments.  Values reported in ‰ 
 
4.3.6. Applying the results 
Differences between estimated trophic levels from corrected and uncorrected δ15Nm 
showed that TL can be biased by as much as one trophic level when corrections shown here 
are not considered (Table 4.3).  Trophic level estimates from AA values did not display any 
differences between FORMALIN+ALCOHOL2 and CONTROL values and matched with 
estimates from corrected mixing model results.  The same results are seen when kelp-based 
resource use was estimated, where values were reduced by 20% when raw values were used 
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Table 4.3. Summary of results applied to raw data analyzed in this work.  Raw values were taken after 
FORMALIN+ALCOHOL2, while correction equations were used on the corrected values column.  
For trophic levels estimated from AA, corrected values were taken from CONTROL.  The difference 
column is the result of corrected minus raw values.  Average values are shown ± one standard 
deviation for mixing model results and propagation of error for the AA data after Dale et al., (2011).  




















Parameter estimates Species Raw values  Corrected values Difference 
Trophic level (mixing model) S. brama 4.7 ± 0.14 3.69 ± 0.1 -1.01 
P. colias 4.02 ± 0.29 3.02 ±0 .11 -1 
O. tshawytscha 3.87 ± 0.29 3.11 ± 0.19 -0.76 
Trophic level (Glu-Phe) S. brama 4.03 ± 0.44 3.93 ± 0.44 -0.1 
P. colias 3.09 ± 0.47 2.99 ± 0.49 -0.1 
Proportion of kelp-based carbon 
source (mixing model) 
S. brama 0.36 ± 0.03 0.52 ± 0.03 0.14 
P. colias 0.29 ± 0.08 0.51 ± 0.01 0.22 




The results of the present study demonstrate that by using a combined approach of 
SIA of muscle tissue and AAs, one can accurately estimate the trophic position of museum 
preserved specimens of fish.  These data provide the basis for estimating intraspecific changes 
in tropic position through time for key species of marine fish, an important source of data for 
reconstructions of food web dynamics and understanding historic baseline conditions.  Meta-
analysis results demonstrated that both formalin fixation and preservation in ethanol affect the 
values of δ15Nm and δ
13Cm.  These effects cannot be ignored if one wants to accurately resolve 
δ15Nm and δ
13Cm of preserved fish specimens and model trophic positions.  Shifts of δ
15Nm 
and δ13Cm were not different between marine or freshwater species and did not have any 
relationship with the amount of time under treatment since most of the effects were shown in 
the first weeks of contact with ethanol and formalin.  These results corroborate those obtained 
from previous studies (Kelly et al., 2006; Sarakinos et al., 2002) and confirm the rapid effects 
of formalin and ethanol on δ15Nm and δ
13Cm of tissues (Fox et al., 1985). 
Time under exposure to preservatives was not a significant factor in the observed 
changes in δ15Nm and δ
13Cm of tissues.  In contrast, lipid content was the most important 
explanatory factor for modeling shifts in δ13Cm.  C:N was a useful proxy for lipid content in 
the marine fishes considered here, and an equation for δ13Cm correction for samples with 
different lipid content was provided (Equation 4.3).  Previous studies have provided similar 
corrections for δ13Cm due to lipid content in fish muscle tissue, but presented different slopes 
and intercepts (Post et al., 2007; Schmidt et al., 2009), probably due to differences in the 
species and range of C:N values analyzed, not suitable for the application in the present work 
and other studies (Kelly et al., 2006).  Furthermore, the relationship between lipid content and 
C:N found in the present study differs from previously published results (Post et al., 2007).  
The relationship between lipid concentration and C:N was found to be population-specific, 
systematically underestimating lipid content when equations from the literature were applied 
to other experiments (Fagan et al., 2011).  Therefore it is recommended that researchers either 
develop a correction equation for each specific study, or use a correction equation generated 
from samples with similar C:N, lipid content and δ13Cm to the samples to be analyzed. 
Lipid content was shown to be an important variable when one wants to correct δ13Cm 
and δ15Nm  due to preservation, even eliminating some effects of preservatives when lipids are 
removed (Kelly et al., 2006; Ruiz-Cooley et al., 2011).  In the present study, C:N was used as 
a predictor variable in the models for the effects of both formalin fixation and preservation in 
alcohol, both ethanol and isopropanol, on δ13Cm of fishes.  Lipid content results differed from 
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an extensive study of New Zealand marine fishes (Vlieg & Body, 1988).  The differences 
observed in the present study may be due to the use of techniques with lower extraction power 
in the early study and because lipid concentration varied along each of the specimen’s bodies 
(Table 4.1).  The observed differences in lipid concentrations within a fish specimen were not 
recorded in previous studies and might be a source of variability in the estimation of its lipid 
content, as well as its δ13Cm. 
Because museums use both ethanol and isopropanol during specimen preservation, 
how those different alcohols altered δ15Nm, δ
13Cm, δ
13CAA and δ
15NAA was tested.  No 
significant differences were found between ethanol and isopropanol for changes in δ15Nm and 
δ13Cm following preservation.  Differences in δ
13CAA and δ
15NAA after preservation in ethanol 
and isopropanol observed here were small and only found in five of the eleven AAs tested.  
The information from δ13CAA and δ
15NAA can, therefore, be used if one wishes to compare 
species feeding on distinct trophic levels. 
 Overall, during the preservation experiment, δ15Nm increased by almost 1‰, while 
little shift in δ13Cm was found.  Using a linear model approach and taking into account C:N 
and the proportion of N values, most of the variation in δ15Nm and δ
13Cm linked to fixation in 
formalin and preservation in alcohol, both ethanol and isopropanol, could be explained 
(Equation 4.4 and 4.5).  Similarly, values of δ13CAA and δ
15NAA from eleven AAs from the 
different treatments demonstrated that, for most AA, although δ13CAA values did not change, 
δ15NAA increased significantly (< 2‰), in agreement with a previous study (Hetherington et 
al., 2019).  Interestingly, δ15NAA values of several AAs shifted in similar ways between 
treatments, maintaining their relationships.  These results support the use of relationships 
between δ15NAA to estimate a fish’s trophic level (Chikaraishi et al., 2009).  Similarly, the 
results indicate that δ13CAA values can be used to estimate the contribution of alternate basal 
organic matter sources to the food webs supporting different fishes from samples preserved in 
museum collections (McMahon et al., 2016).  An example of how important it is to consider 
isotopic corrections for fixation in formalin and preservation in alcohol when retrieving data 




15NAA comparable to those from fresh specimens (Table 4.3). 
Change of the delta values of amino acids between original and chemical-treated 
molecules is caused by either (1) incorporation of additional carbon or nitrogen, (2) isotopic 
fractionation associated with degradation during fixation and preservation and/or with non-
quantitative reaction during analytical procedures.  While there is a range of  δ13C values of 
the various solvents used for the fixation and subsequent preservation of fish samples (δ13C 
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formalin = -41.42‰; δ13C ethanol = -27.84‰; and δ13C isopropanol = -24.50‰), it did not 
affect the δ13CAA values of any of the amino acids measured as the process for 
fixation/preservation does not affect the C in the amino acid molecules.  Thus, as amino acids 
are effectively extracted from the fish tissues by hydrolysis during sample preparation, it 
ended up with an unchanged C isotopic signature through time. 
In contrast, the results indicated enrichment with time of δ15NAA.  A recent study by 
Hetherington et al., (2019) showed shifts in δ15NAA after preservation for a few AA, but in 
that case the shifts were attributed to impurities in the samples and the difficulty to separate 
AAs in the chromatograms.  No issues in the chromatograms were found in the present study, 
and differently of the previous study, almost all AA shifted in the same magnitude and 
direction.  Therefore, the conclusion of Hetherington et al., (2019) does not explain the trends 
seen here.    
The percentage of nitrogen (%N) contained in the ethanol and isopropanol due to 
impurities, before and after the experiment, were also analyzed.  Those values indicate a 
reduction in %N throughout the experiment, suggesting the movement of molecules 
containing N in the fish tissues.  Although this is true, values of %N were extremely low (0.02 
and 0.024% for pure ethanol and isopropanol and 0.015 and 0.01% after the experiment).  The 
lack of a clear mechanism explaining the fractionation of AA and the small amount of transfer 
of N between the preservatives and the samples also did not explain the trends seen in the 
present study. 
Accounting for what is known, here are a few possible mechanisms of why 
fractionation of AA could happen: 
Formic acid: If not buffered with methanol, a 10% formalin solution can form, with 
time, formic acid which might have started to hydrolyze preserved fish tissues, possibly 
causing fractionation.  However, as the solution was buffered with 10% methanol, the chances 
of forming formic acid are quite low, and thus this process was unlikely. 
Formalin cross-links: Formalin preserves proteins and cellular organelles in a 
stepwise process.  It penetrates tissues then binds to lysine, tyrosine, asparagine, tryptophan, 
histidine, arginine, cysteine, glutamine and serine, in all the proteins present in a preserved 
specimen.  It is the reaction between formalin and uncharged reactive amino groups that leads 
to the formation of cross-links (Milligan & Holt, 1977).  If there was an effect of the formalin 
on all the measured AAs, it would only be noticed for aspartic acid, glutamic acid and serine.  
However, an enrichment after 1 year for all of AAs measured was observed.  So, the change 
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observed in δ15NAA of preserved fish tissues cannot be due to the direct effect of formalin on 
proteins. 
Under-fixation and tissue degradation (e.g. bacterial reworkings): Under-fixation of 
tissues may result in cross-links forming only on the exterior of a sample and the center of the 
sample remaining unfixed.  Fixative penetration, binding to amino acids, and cross-linking 
occur faster at higher temperatures, but the thickness of the sample (whole fish in the 
experiment) might prevent rapid penetration of the fixative/preservative solvents.  If the 
samples were under-fixated, then bacterial activities could still be happening within the 
tissues, and enrichment of the tissues in δ15NAA would then be possible as AAs with lighter 
isotopes are preferentially reworked by bacteria.  The bacterial activity could therefore help 
explain the differences between the results presented here and those reported by Hetherington 
et al., (2019), since samples constituted of isolated pieces of muscle tissue in the earlier study.   
Enzyme hydrolysis: Soon after death when the cells start to break down, enzymes are 
released into the surrounding tissue where they start the process of breaking down the walls of 
other dead cells (protein autolysis), thus releasing yet more enzymes into the tissues in a 
process akin to a slow chain reaction (Simmons, 2014).  It is possible that some enzymes 
could be active and breaking down AA in newly collected specimens if there was a significant 
delay until formalin had penetrated the fish and stopped any enzymatic activities. 
Although the present study analyzed several samples from three different species of 
marine fish, there was relatively low replication at the level of species (2 individuals per 
species).  Low replication of individuals was compensated for by multiple samples collected 
along each fishes’ body, where every sample differed for both the proportion of carbon and 
nitrogen, C:N ratio and, for the most part, δ15Nm and δ
13Cm.  While various samples came 
from the same specimen, the analysis demonstrated that they encompass a wide range of 
values for all the explanatory variables analyzed.  Here sample values represented the full 
range that could be found within the New Zealand fish fauna from random sampling.  
Nevertheless, lack of replication at the species level may have biased the results regarding 
alcohol type effects, since some variations between isopropanol and ethanol were found for 
the δ13CAA and δ
15NAA of specific amino acids.  
While the results clearly show a trend in δ13Cm shifts due to fixation in formalin, the 
magnitude of the change could have been influenced by small differences in δ13C of 
formaldehyde obtained from different sources (Edwards et al., 2002).  Although those 
differences were assumed to be small (under 0.3‰), the present study used formalin and 
alcohol sourced from the same company and batch throughout the experiment.  When 
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measuring isotopes from museum collections, the possible effects of different chemical 
sources should be considered as a random source of variation, since museums typically have 
no information on the isotopic signatures of formaldehyde used during fixation.  Normality 
and equality of variances between groups were assumed for all the parametric tests.  Although 
the assumptions were met for most groups (Shapiro-Wilk’s and Levene’s test p > 0.05), 
sample sizes were small, between 5 and 10 samples, which could have hindered some of the 
between group comparisons.  




15NAA due to fixation in formalin followed by preservation in 
alcohol for whole marine fishes.  With this method, researchers interested in intraspecific 
changes in trophic position can have access to δ15Nm, δ
13Cm, δ
13CAA and δ
15NAA values from 
extensive museum wet collections of fish.  Furthermore, the herein results make it possible for 
scientists to investigate important ecological and management questions, such as the shifting 
trophic structure of fish communities (Pauly et al., 1998), and to support ecosystem-based 


















Chapter 5                                                                                                        
Shifts in the trophic structure of commercial fishes after New Zealand 
industrialized fisheries expansion 
 
Abstract 
 Studying long-term ecological changes in marine environments is challenging, but 
understanding how these systems have changed over time is an important steppingstone for 
the management of natural resources using an ecosystem approach.  Here natural stable 
isotopes were used to investigate temporal changes in the trophic structure of an exploited fish 
community along the east coast of the South Island of New Zealand.  Samples collected 
before New Zealand’s full expansion of industrialized fisheries were retrieved from museum 
collections and compared to modern specimens.  While some species did not present changes 
in the trophic parameters analyzed, significant changes were usually towards relying more 
heavily on pelagic production and feeding at higher trophic levels in the modern period.  
Wider niche breadths inferred from δ13C and δ15N values were also identified in modern 
communities inhabiting the outer shelf and slope, mainly due to the higher variability in the 
resource use by tarakihi, red cod, ling and spiny dogfish.  While temporal variability in 
Munida gregaria abundance and environmental variables had relationships with the trophic 
parameters from all assemblages (except mid slope), marine trophic index of New Zealand’s 
commercial fisheries only showed relationships for fishes from the inner shelf.  The present 
study demonstrated that the fish community analyzed underwent changes in the trophic 
structure over the past century, and that those changes affected each species and habitats 
differently.  Ecological changes presented here likely altered the energy flux along the 
seascape, demonstrating the need for uncovering ecological baselines before human impacts 









5.1. Introduction  
Food web stability is recognized as one of the important factors that can help to 
maintain the health and resilience of aquatic ecosystems (McDonald-Madden et al., 2016; 
Peterson et al., 1998).  While species with unique trophic niches are more vulnerable to local 
extinctions (Petchey et al., 2008), changes in their trophic level and resource use can have 
consequences to fish ecology and abundance, ultimately affecting fisheries yields of exploited 
species (Thrush & Dayton, 2010; Udy et al., 2019b).  Therefore, understanding the variability 
in the trophic structure of commercial species is an important step for the management of 
these resources.  Variability of food web interactions of fishes have been widely studied 
through the application of dietary, isotopic and modeling approaches (Davis & Wing, 2012; 
Karlsson et al., 2019; Phillips et al., 2014; Pinkerton et al., 2008; Udy et al., 2019a), but 
studies investigating long-term changes in those parameters are still rare (Edwards et al., 
2010).  Therefore, there is a lack of baseline information on the trophic structure for the 
management of fish communities based on an ecosystem approach, especially in places where 
aquatic communities have been heavily altered by anthropogenic activities (Auber et al., 
2015; Rosenberg et al., 2005; Thurstan et al., 2010).   
Investigating the variability of trophic structure in marine systems can be challenging 
(Mancinelli & Vizzini, 2015), due to patchy historical sampling, species with large home 
ranges and migrations, as well as rapid changes in prey availability.  Stable isotope ecology 
has proven to be an important tool to assist to answer these pertinent questions.  Isotopic 
analysis offers a repeatable and tested way to estimate trophic level and resource use of a 
specimen, allowing for comparisons among studies and resolving important temporal and 
spatial variability of trophic relationships (Logan et al., 2020).  As an example, isotopic 
analysis identified the importance of high trophic level omnivores in stabilizing food webs in 
marine protected areas in Fiordland, New Zealand (Wing & Jack, 2014).  These trophic 
parameters can be estimated by examining stable isotopes in fish muscle tissues, which 
provide long-term indicators of diet due to their low turnover rates, averaging the isotope 
values of a fish’s diet for several weeks to months (Hesslein et al., 1993; Mont’Alverne et al., 
2016; Skinner et al., 2017; Suring & Wing, 2009).  Stable carbon and nitrogen isotope ratios, 
expressed as a deviation from a standard (δ13C and δ15N), are the most used for tracking 
organic matter source, estimating trophic level and studying trophic niche of animals (Ramos 
& González-Solís, 2012).  While trophic level estimates rely on isotopic fractionation of 
nitrogen (15N between 1.4 and 5.6‰) when organic matter is transferred from a resource to 
a consumer, δ13C presents small fractionation with trophic exchanges (13C ~ 0.5‰), making 
 
135 
it a more precise value for estimating proportions of basal organic matter supporting a food 
web (McCutchan et al., 2003; Mill et al., 2007; Post, 2002).  Because different sources of 
basal organic matter can have distinct δ13C and δ15N values, a combination of these isotopes 
has been used in aquatic ecosystems to estimate both trophic level and relative contribution of 
alternate organic matter sources (Jack & Wing, 2011; Phillips et al., 2005).  These metrics 
classify an organism's interactions with its environment and can be used to study the effects of 
anthropogenic impacts on trophic relationships (Bearhop et al., 2004; Hussey et al., 2014).  
To estimate these parameters, one needs to know the δ13C and δ15N values of the primary 
producers supporting a food web, which can vary spatially and with time (West et al., 2010).  
Compound-specific stable isotope analysis of amino acids (CSIA-AA) has the potential to 
eliminate the need for isotope values from primary producers (Chikaraishi et al., 2009; 
McMahon et al., 2016).  Different amino acids fractionate in different ways and can be 
classified as source (no-to-little fractionation of δ15N), trophic (large fractionation of δ15N), 
essential (δ13CEAA, no-to-little fractionation of δ
13C) or non-essential (δ13CNEAA, large 
fractionation of δ13C), allowing researchers to access information regarding a specimen's 
trophic ecology from a single muscle tissue sample (Whiteman et al., 2019).  The technique is 
especially useful when baseline values for the estimation of trophic level are not known or 
cannot be sampled, allowing one to investigate changes in trophic parameters at large spatial 
and temporal scales (Hilton et al., 2006; Lorrain et al., 2009; Quillfeldt & Masello, 2020).  
For example, the relationship between δ15N of Glutamic acid (δ
15NGlx, trophic AA) and δ
15N 
of Phenylalanine (δ15NPhe, source AA) have been used to accurately estimate trophic level of 
aquatic animals (Chikaraishi et al., 2009). 
While trophic level is a property of species, Layman’s metrics measured from a δ15N 
and δ13C biplot have been used to investigate seasonal effects, as well as exploitation and 
species introduction on the niche space of aquatic communities of (Abrantes et al., 2014; 
Jackson et al., 2012; Saporiti et al., 2014).  These metrics can indicate variability in trophic 
level and resource use within communities and populations, serving as a proxy of the 
diversity and stability of food web structure (Layman et al., 2007; Quevedo et al., 2009), 
providing a tool to compare community trophic structure between systems (Mancinelli & 
Vizzini, 2015).  This is especially advantageous when studying long-term changes in large 
communities with incomplete biological data (Bowes et al., 2017; Dammhahn & Kappeler, 
2014; Layman et al., 2007).    
The lack of long-term biological data collected from most aquatic systems hampers 
the ability to investigate ecological changes at relevant temporal scales, matching long-term 
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human and natural effects.  Museum collections are a large source of fish samples for long-
term ecological studies that can occasionally encompass several centuries.  Most of the 
specimens kept by museums have been previously fixed in formalin (usually a 37% aqueous 
solution of formaldehyde) followed by ethanol or isopropanol preservation (Roberts et al., 
2015).  Preservatives are known to affect isotope values of fish muscle tissue, and these 
effects must be corrected before comparison with modern samples (Durante et al., 2020b; 
Sweeting et al., 2004).  Furthermore, specimens’ size can present a positive relationship with 
trophic level (Dalponti et al., 2018; Ladds et al., 2020), but for practicality, museums tend to 
keep only small to medium size specimens in their wet collections, skewing historical sample 
representation towards small individuals.   
Although there are difficulties related to retrieving good quality isotopic data of fishes 
from museum collections, these collections often represent the only available samples to 
study long-term changes in community trophic structure and its relationship with 
environmental changes and human activities.  As in most countries, New Zealand's marine 
environment has been altered through anthropogenic impacts such as nutrient inputs, fisheries 
and climate change, with consequences to the underlying food web (Brown et al., 2010; 
Crowder et al., 2008; Jennings & Polunin, 1997; Jeppesen et al., 1998; Thrush & Dayton, 
2010).  For example, changes in water temperature can cause shifts in the occurrence and 
abundance of important prey species, altering the energy transfer through the environment 
(Adams et al., 1982; Furlan et al., 2013; Rijnsdorp et al., 2009; Wagner et al., 2013).  In New 
Zealand, pelagic crustaceans such as the squat lobster (Munida gregaria, Munididae) are 
important for the diet of commercial fishes and pelagic-benthic coupling processes (Funes et 
al., 2018; Graham, 1939; Zeldis & Jillett, 1982).  Munida has been demonstrated to make a 
disproportionate contribution to the diet of a large array of commercial fishes in New 
Zealand, from reef-associated to pelagic and deepwater species (Graham, 1939; Zeldis & 
Jillett, 1982).  It presents a pelagic (larvae and post-larvae) and a benthic morphological type, 
the latter settling after the pelagic phase (Zeldis, 1985).  The duration of the pelagic type 
before settlement depends on environmental conditions and availability of benthic habitat, 
ranging from absent to a couple of years (Williams, 1973, 1980).  Because of the existence of 
these morphological types and its ability to feed on both pelagic and benthic systems, changes 
in the occurrence of Munida have the potential to affect the trophic dynamic and transport of 
energy throughout the seascape.  Although Munida shoaling occurrence data have been 
recorded from the University of Otago Portobello Marine Laboratory (PML) since 1904 
(Young, 1925), long-term variation in its occurrence has not been reported for New Zealand 
waters.   
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While global drivers such as increases in sea surface temperatures can affect the 
functioning of whole ecosystems, fishing tends to affect communities differently over time 
due to the selective nature of fishing mortality (Verba et al., 2020).  Mortality due to fisheries 
has been reported as the factor resulting in the fastest observed changes in species 
composition, trophic structure and population vital rates within marine communities (Fenberg 
& Roy, 2008).  For example, reduced prey abundance due to species removal has been shown 
to drive the increase in the niche width of fishes (Wang et al., 2019), although similar patterns 
have been recorded due to reduced habitat productivity (Wing & Jack, 2012).  The average 
trophic level of commercial landings, or Marine Trophic Index (MTI), has been used 
worldwide as a proxy of the status of fisheries and the trophic composition of the exploited 
communities (Pauly et al., 1998; Pauly & Watson, 2005; Pinkerton et al., 2017).  An increase 
in MTI values is usually related to fisheries expansion, due to large catches of high trophic 
level species from newly exploited grounds (Caddy & Garibaldi, 2000; Kleisner et al., 2014).  
With time, the abundance of high trophic level species decreases and there is a relative 
increase in catches of lower trophic level species, lowering the MTI, a process termed 
“fishing down marine food webs” (Pauly et al., 1998).  In New Zealand, a large expansion of 
fishing grounds after 1970 was followed by a decline in both landings and MTI after the year 
2000 (Durante et al., 2020a)(Durante et al., 2020a).  New Zealand landings and MTI 
stabilized after this period, indicating the end of the fishing expansion and no overall change 
in the size of landings.  During this expansion, different habitats were exploited at different 
rates, due to the shift from small scale and coastal to large scale, offshore and deepwater 
fisheries, mainly composed of large trawlers (Durante et al., 2020a; Johnson & Haworth, 
2004).  This likely resulted in different impacts over distinct habitats, with inshore species 
showing earlier signs of overexploitation than offshore communities.  Although mass balance 
models have been used to investigate the human impact on the trophic interactions in the 
marine ecosystems of New Zealand, comparisons based on long-term biological samples are 
still lacking (MacDiarmid et al., 2016; Pinkerton et al., 2015). 
The east coast of the South Island is an important region for New Zealand’s 
commercial and recreational fisheries and has been managed as a single management area for 
most species.  Two of the largest New Zealand fishery ports are located in this area (Lyttelton 
and Timaru) (Fisheries New Zealand, 2016).  The north (~42˚ latitude) and south (~46˚ 
latitude) regions of its continental shelf are rocky reefs, while sandy gently sloping bottom 
extends 40 km offshore in between (Figure 5.1).  This geomorphology facilitated the 
development of an extensive inshore trawl fishery, resulting in one of the highest trawl fishing 
effort recorded in the country (Baird et al., 2011). 
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Figure 5.1. Map of New Zealand marine environment with the location of historical and modern fish 
samples analyzed in the present study.  White represents New Zealand landmass and grey shades 
identify depth bands of 0 to 500, 500 to 1000, 1000 to 2000 and deeper than 2000 meters 
 
  Long-term changes on the trophic structure of the exploited fish communities, as 
well as the effects of climate change, prey abundance and fisheries activities have not been 
previously studied in New Zealand, presenting a lack of knowledge on ecological baselines 
for the management of these resources.  Here bulk isotope and CSIA-AA data of preserved 
fish specimens from museum collections were used to investigate shifts in trophic level and 
proportions of alternate basal organic matter sources of individuals collected between 1919 
and 2018.  The samples used in the present study comprised commercial fish species ranging 






Table 5.1. Maximum total length, habitat, depth distribution, assemblage group and common prey 
items of the fish species analyzed in the present study 
Species 
Total length 
(mm) Habitat Common prey items Reference 
Leatherjacket                                     
Meuschenia 
scaber 
310 Inner shelf* Crustaceans (Anderson et al., 1998) 
Demersal Molluscs (Russell, 1983) 
0 - 100 m Sponges  
 Tunicates  
 Echinoderms  
  Algae   
Blue cod                     
Parapercis 
colias 
600 Inner shelf* Fish (47%) (Graham, 1939) 
Demersal Crustaceans (23%) (Russell, 1983) 
0 - 150 m Tunicates (17%) Personal observation 
 Cephalopods (Carbines & Mckenzie, 2001) 
 Gastropods (Fisheries New Zealand, 2019) 
 Bivalves  
 Worms  
Gurnard                               
Chelidonichthys 
kumu 
550 Inner shelf* Crustaceans (50%) (Godfriaux, 1970) 
Demersal Fish (43%) (Fisheries New Zealand, 2019) 
0 - 200 m Worms (Stevens et al., 2011) 
      
Elephant fish                                          
Callorhinchus 
milii  
970 Inner shelf* Bivalves (Fisheries New Zealand, 2019) 
Demersal Jellyfish/hydroids (Anderson et al., 1998) 
0 - 200 m  (Coleman & Mobley, 1984) 
    (Graham, 1939) 
Common 
warehou                                       
Seriolella 
brama 
750 Outer shelf* Salps (97%) (Bagley et al., 1998) 
Benthopelagic Crustaceans (Fisheries New Zealand, 2019) 
0 - 400 m Jellyfish/hydroids (Stevens et al., 2011) 
 Cephalopods  
Barracouta                                     
Thyrsites atun 
2000 Outer shelf* Crustaceans (77%) (Fisheries New Zealand, 2019) 
Benthopelagic Fish (18%) (Graham, 1939) 
0 - 400 m Squid (9%) (O’Driscoll, 1998) 
    (Stevens et al., 2011) 
Tarakihi                                          
Nemadactylus 
macropterus 
700 Outer shelf* Chitons (Godfriaux, 1974) 
Demersal Gastropods (Graham, 1939) 
0 - 486 m Bivalves (Russell, 1983) 
 Crustaceans (McKenzie et al., 2017) 
 Echinoderms (Annala, 1988) 
 Polychaetas  
 Cephalochordates  
Spiny dogfish                                  
Squalus 
acanthias 
1360 Outer shelf* Fish  (Fisheries New Zealand, 2019) 
Benthopelagic Squid/octopus (Cortés, 1999) 
0 - 500 m Planktonic invertebrates (Ellis et al., 1996) 
 Crustaceans (Ebert et al., 1992) 
 Jellyfish/hydroids (Fuita et al., 1995) 
 Worms (Demirhan & Seyhan, 2007) 
 Bivalves  
Giant stargazer                                   
Kathetostoma 
giganteum 
780 Outer shelf* Fish (58%) (Stevenson, 2004) 
Demersal Cephalopods (38%) (Sutton, 2004) 
0 - 600 Crustaceans (12%) (Stevens et al., 2011) 






Species Total length (mm) Habitat Common prey items Reference 
Red cod                                  
Pseudophycis 
bachus 
900 Outer shelf* Crustaceans (79%) (Stevenson, 2004) 
Demersal Fish (25%) (Cohen et al., 1990) 
0 - 700 m Molluscs (Fisheries New Zealand, 2019) 
 Worms (Graham, 1939) 
  Echinoderms (Edgar & Shaw, 1995) 
Sea perch                                    
Helicolenus 
percoides 
470 Slope* Crustaceans (62%) (Paulin, 1989) 
Demersal Fish (18%) (Smith, 1998) 
0 - 500 m Worms (Graham, 1939) 
Lookdown 
dory                             
Cyttus traversi 
700 Slope* Crustaceans (82%) (Anderson et al., 1998) 
Bathydemersal Fish (20%) (Tracey et al., 2007) 
200 - 600 m Cnidarians (Forman & Dunn, 2010) 
 Worms (Blaber & Bulman, 1987) 
Hoki                                              
Macruronus 
novaezelandiae 
1020 Slope* Fish (60%) (Fisheries New Zealand, 2019) 
Benthopelagic Crustaceans (43%) (Horn & Sullivan, 1996) 
200 - 600 m Cephalopods (5%) (Blaber & Bulman, 1987) 
 Sponges (Bulman & Blaber, 1986) 
 Tunicates (Clark, 1985) 
 Planktonic invertebrates  
Hapuka                
Polyprion 
oxygeneious 
1500 Slope* Fish (68%) (Paxton et al., 1989) 
Demersal Cephalopods (25%) (Saldanha, 1997) 
0 - 850 Crustaceans (18%) (Rojas et al., 1985) 
Ling                                  
Genypterus 
blacodes 
2000 Slope* Fish (65%) (Nielsen et al., 1999) 
Bathydemersal Crustaceans (37%) (Stevenson, 2004) 
0 - 1000 m Cephalopods (3%) (Dunn et al., 2010) 
 Ophiuroids (Graham, 1939) 
    (Kailola et al., 1993) 
Orange roughy                                    
Hoplostethus 
atlanticus 
500 Mid shelf* Crustaceans (58%) (Gordon & Duncan, 1987) 
Bathypelagic Fish (41%) (Fisheries New Zealand, 2019) 
700 - 1500 m Cephalopods (Bulman & Koslow, 1992) 
 Planktonic invertebrates  
  Worms   
*Species assemblage according to Beentjes et al., (2002) and Francis et al., (2002)  
Percentage of occurrence of food items were retrieved from Stevens et al., (2011)  
 
These species were responsible for over 60% of the total national commercial landings 
and export value of finfish in 2018, excluding processed products (Stats NZ, 2019).  
Management areas and stock delimitation varied among species, from the whole EEZ (e.g. 
hoki, Macruronus novaezelandiae, Merlucciinae) to the east coast of the South Island (e.g. 
blue cod, Parapercis colias, Pinguipedidae).  Fishes are also managed as single species 
stocks, based on maximum sustainable yield targets, without considering overall community 
productivity and trophic interactions, which can lead to deterioration in the ecosystem 
structure by disproportionally removing larger individuals (Walters et al., 2005).  Using stable 
isotope analysis and Layman’s metrics the present study aimed to answer the following 
questions: (1) have the niche space of the fish community, as well as (2) the trophic level and 
resource use of species, changed after the full expansion of New Zealand fisheries?  (3)  Did 
changes in trophic level and resource use present a relationship with climate, sea surface 




5.2.1. Sample collection and bulk isotope analyses  
Sixteen species of fish were collected along the east coast of the South Island between 
2017 and 2018 (Table 5.1), comprising the “modern” sample group.  Coastal species were 
collected during scientific cruises onboard the RV Polaris II or provided by recreational 
anglers, while fishes that inhabit offshore waters were mainly provided by commercial fishers 
or from the Canterbury Bight and Pegasus Bay trawl survey (MacGibbon et al., 2019).  
Deeper water species, such as lookdown dory (Cyttus traversi, Cyttidae), orange roughy 
(Hoplostethus atlanticus, Trachichthyidae) and hoki were also acquired from the Chatham 
Rise trawl surveys (Stevens et al., 2018).  Specimens collected onboard research vessels were 
measured for total length and head length and were frozen and taken to the laboratory for 
muscle tissue sampling.  Since samples provided by fishermen often consisted of fish heads 
only, a linear regression between total length and head length was calculated for each species 
to estimate the total length of those samples (Table 5.2). 
 
Table 5.2. Relationship between total length and head length measurements obtained during the 
collection of fish specimens for the present study 
Common name Scientific name Total length regression equation Sample size r2 p 
Barracouta Thyrsites atun 163.32 + 3.3*HL 32 0.83 <0.0001 
Blue cod Parapercis colias 26.36 + 3.5*HL 84 0.98 <0.0001 
Common warehou Seriolella brama  -109.85 + 5.45*HL 12 0.94 <0.0001 
Elephant fish Callorhinchus milii 141.35 + 2.4*HL 9 0.59 0.015 
Giant stargazer Kathetostoma giganteum  7.66 + 4.02*HL 6 0.8 0.015 
Gurnard Chelidonichthys kumu 36.78 + 3.55*HL 27 0.96 <0.0001 
Hapuka Polyprion oxygeneios -40.26 + 2.8*HL 4 0.99 0.0018 
Leatherjacket Meuschenia scaber 48.84 + 3.45*HL 29 0.83 <0.0001 
Ling Genypterus blacodes 150.81 + 3.8*HL 9 0.86 0.0003 
Red cod Pseudophycis bachus 127.16 + 3.47*HL 14 0.52 0.0036 
Sea perch Helicolenus percoides 62.32 + 2.56*HL 56 0.88 <0.0001 
Spiny dogfish Squalus acanthias 7.19 + 4.79*HL 20 0.93 <0.0001 
Tarakihi Nemadactylus macropterus -13.95 + 4.21*HL 38 0.92 <0.0001 
 
 To access the stable isotope values and estimate trophic parameters of fish species 
before the present date, specimens were retrieved from the Otago Museum and the Museum 
of New Zealand Te Papa Tongarewa collections, spanning 1919 to 1996 and comprising the 
“historical” sample group.  Organizing species into the historical group was necessary due to 
low sample sizes for specific years from the museum collections.  These samples represent 
the community state before the full expansion of industrialized fisheries in New Zealand in 
the year 2000, allowing a comparison with fully exploited environments sampled in 2017 and 
2018.  In order to increase the sample size of the historical group, lookdown dory (n = 1), 
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hapuka (Polyprion oxygeneios, Polyprionidae) (n = 2) and hoki (n = 1) specimens from 
museums collected before 2012 were added to the historical group.  Muscle tissue (1 cm3) 
was sampled from the dorsal musculature of all specimens for isotope analysis.  Tissue 
samples from museum collections were then treated with deionized water for one week to 
remove excess preservatives before analysis (Durante et al., 2020b).  
Muscle tissues were oven-dried at 60 °C for 72 h and crushed with mortar and pestle 
until they yielded a fine and homogenous powder.  All equipment was cleaned with low-
linting Kimwipes® and ethanol and air-dried between samples to avoid cross-contamination.  
Between 0.8 and 1.2 mg of each sample was packed in 3 x 5 mm tin capsules and analyzed by 
combustion in an elemental analyzer (Carlo Erba NC2500) to CO2 and N2, as described in 
chapter 2 (section 2.2.2).  All measured values for the quality control standards were in the 
range of accepted values.  Additionally, one sample of fish muscle tissue was analyzed as an 
internal standard in every run so results could be corrected for in-between run variability. 
 
5.2.2. Changes in community niche width 
Because lipids are depleted in δ13C compared to protein and carbohydrates, lipid 
concentration in the samples can affect δ13C values.  This change in δ13C is not linked to the 
trophic parameters of interest and need to be corrected.  In the present study the following 
normalization equation was applied to all samples collected in 2017 and 2018 to account for 
variation in lipid concentrations, after Post et al. (2007): 
 
δ13CNormalized = δ
13CUntreated – 3.32 + 0.99 * C:N 5.1) 
 
Here, δ13CUntreated represents raw δ
13C measurements and C:N the carbon to nitrogen 
ratio of the muscle tissue.  This normalization is suitable for aquatic organisms with similar 
range of C:N and δ13C values of samples in the present study (Post et al., 2007).  To account 
for the effects of fixatives and preservatives on the isotope values of muscle tissue, correction 
equations were applied to all samples from museum collections, for both δ15N and δ13C after 
(Durante et al., 2020b) (see chapter 4).  Equation 4.4 (chapter 4) also normalizes δ13C values 





δ13C values of primary producers have also been globally influenced by anthropogenic 
activities since the industrialization period in the 1950s (Keeling, 1979; Verburg, 2007), and 
to compare with present values those changes need to be taken into account.  These processes 
are known to influence fishes from different trophic levels and have been reported for the 
Otago region (Sabadel et al., in press).  Suess effects, a decrease in δ13C of CO2 in the 
atmosphere linked to fossil fuel emissions, were accounted for using values after Eide et al. 
(2017), which predicts a decrease in δ13CBulk of on average 0.011‰ per year (−0.014 ± 
0.001‰ to −0.006 ± 0.001‰) in the ventilated South Pacific Ocean.  
After isotope corrections, changes in niche width between periods were then 
investigated using Layman’s metrics (Layman et al., 2007).  These metrics allowed the 
present study to use isotope values to investigate the size, variation and relationship of niches 
at the species, assemblage and community level.  While ranges of δ15N and δ13C values of an 
array of samples are proxies of community trophic level and resource use diversity, the total 
area of the minimum convex hull of the δ15N and δ13C biplot can be calculated to estimate the 
total trophic diversity, or niche breadth, in a food web (Layman et al., 2007).  Similarly, the 
mean Euclidian distance from the δ15N and δ13C centroid of each species to the food web 
centroid (CD) indicate the level of trophic diversity, although this metric is also a function of 
trophic packing between species (Layman et al., 2007).  Moreover, trophic packing and its 
evenness can be estimated by the mean nearest neighbor distance (MNND) and the standard 
deviation (SDNND) of the same plot, respectively.  To account for uncertainty related to the 
nature of the data and small sample sizes, ellipse-based versions of Layman’s metrics 
estimated from Bayesian inference were used, with the R package SIBER (Jackson et al., 
2011).  This approach is more suitable for comparisons between groups with different and 
small sample sizes, improving estimates and reducing uncertainty compared to the original 
metrics.  For examples, minimum convex hull values of the δ13C and δ15N biplot, or niche 
breadth, can become biased by large isotope values from few individuals.  The calculation of 
the Standard Ellipse Areas corrected for small sample sizes (SEAc) with the SIBER package 
instead provides Bayesian distributions that account for the uncertainty of estimates and result 
in more robust and less biased comparisons.  To investigate changes in niche breadth between 
periods, Layman’s metrics were calculated for historical and modern samples and compared 
for the whole community and for specific species and fish assemblages (inner shelf, outer 




5.2.3. Changes in species trophic level and resource use 
Coastal (macroalgae), and pelagic (phytoplankton) primary producers were used as 
isotopic baselines in the present study (Udy et al., 2019a; Yorke et al., 2019).  Stable isotope 
values from macroalgae were obtained from Otago, Kaikoura (Chapter 3) and the 
Marlborough Sounds (Udy et al., 2019b), while phytoplankton values inferred from samples 
of suspended particulate organic matter (SPOM) from inside the Canterbury Bight, along the 
Kaikoura coast and the Marlborough Sounds were retrieved from Chapter 2 and from Udy et 
al., (2019b).  Both macroalgae and SPOM samples were collected concomitantly with the 
collection of specimens from the modern group. 
Because variability in isotopic baselines can affect the bulk isotope values of fish 
muscle tissue, region-specific baselines from the two main primary producers, macroalgae 
and SPOM, were used to estimate trophic level (TL) and proportion of SPOM supporting a 
species diet (%SPOM) for each fish.  TL was calculated from the specimens’ (consumer) and 
primary producers’ (source) δ15N values, using a two-step iterative procedure following 
Phillips and Gregg (2001) and explained in detail in chapter 3:  
 
TL = 1 + (δ15NConsumer − δ
15NSource)/TDF 5.4) 
 
Because of the differences in diet among species, the trophic discrimination factor 
(TDF) for δ15N was assumed to be 15N = +3.4‰ for fishes mainly feeding on invertebrates 
and 2.3‰ for species with reported diet being composed by more than 50% fish (Hussey et 
al., 2014; McCutchan et al., 2003) (Table 5.1).  A trophic discrimination factor for δ13C from 
aquatic environments of 13C = +0.5‰ (SE 0.17) was used after McCutchan et al., (2003). 
Differences in TL and %SPOM between periods were analyzed for each separate 
species using a PERMANOVA, based on the dissimilarities between periods.  Unrestricted 
permutations (10,000) of the data were used.  PERMANOVA is a type of analysis of variance 
that uses permutation to compute statistical tests instead of statistical tables, and does not 
assume linearity or normality (Anderson et al., 2008). 
To test the accuracy of TL estimates from bulk isotopes, values were compared with 
TL calculated from CSIA-AA.  TL based on amino acid isotope results was calculated based 
on differences between δ15NGlx and δ




TLGlx-phe = 1 + (δ
15NGlx - δ
15NPhe - 3.4)/TDFGlx-Phe 5.5) 
 
Where 3.4‰ is the difference between δ15NGlx and δ
15NPhe in aquatic cyanobacteria 
and algae (Chikaraishi et al., 2009).  Similar to TLBulk estimate, the trophic discrimination 
factor representing the difference in fractionation per TL of δ15NGlx and δ
15NPhe (TDFGlx-Phe), 
was chosen according to the fish species’ diet (McMahon et al., 2015).  In their feeding 
experiment study, McMahon and co-authors found that fishes fed on high protein diets, where 
the AA composition was similar to the fishes’ muscle tissue, presented a smaller TDFGlx-Phe 
than fishes feeding on an omnivorous diet.  Therefore, in the present study a TDFGlx-Phe value 
of 7.6‰ was used for species with fish contribution to its diet equal or lower than 50% 
(Chikaraishi et al., 2009), while a value of 5.9‰ was chosen for piscivore species (McMahon 
et al., 2015).  To investigate the potential of δ13C of essential amino acids to track resource 
use, the relationship between δ13CEAA and %SPOM was also tested.  δ
13CEAA, i.e. valine (Val), 
leucine (Leu), isoleucine (Ile), Threonine (Thr), and phenylalanine (Phe), as well as δ15NGlx 
and δ15NPhe values from samples were analyzed as described in chapter 4, with details in 
Appendix A.4.2.  Mean precision (1 SD) of δ13CEAA was of 0.6‰, while the precision for 
δ15NAA had a mean of 0.4‰. 
 
 5.2.4. The effects of temperature, prey abundance and fisheries 
General linear models were used to examine the long-term relationship of fishes’ 
trophic level, %SPOM and the δ15NSource estimated from the mixing model with natural 
variations of climate, sea surface temperature, shifts in prey abundance and fisheries 
activities.  Coefficients were calculated with a least square approach, suitable for analysis of 
complex models in chemistry and biology, with noisy, collinear and incomplete datasets 
(Wold et al., 2001).   
Deviation of the yearly averages from 1953 to 2018 of the Southern Oscillation Index 
(SOI) and sea surface temperature measured at the University of Otago Portobello Marine 
Lab (PML SST) were used as climate variation and sea surface temperature indicators, 
respectively (Goring & Bell, 1999).  SOI was calculated from the difference in atmospheric 
pressure between Tahiti and Darwin; while low SOI values indicated El Niño events, La Niña 
conditions were identified by high SOI values.  The east coast of the South Island of New 
Zealand can experience droughts during both anomalies, while La Niña is usually associated 
with higher temperatures (Mullan, 1996).  Although the surface temperature recorded at PML 
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represents a localized proxy of ocean warming, it has been reported to follow large scale 
processes, such as the overall increase in temperatures in boundary currents associated with 
changes in wind regimes (Shears & Bowen, 2017).  Prey abundance was inferred from the 
sum of the sightings of Munida from PML in each year (Zeldis, 1985; Zeldis & Jillett, 1982), 
and MTI calculated for New Zealand commercial fishery landings was used as a proxy for the 
state of fisheries expansion in a given year, after Durante et al., (2020a).  Results from 
Durante et al., (2020a) comprise the most accurate MTI values available for the New Zealand 
region, with data amalgamated from Fisheries New Zealand and the Food and Agriculture 
Organization of the United Nations and annual catches identified to species level (see chapter 
1).  Because MTI was only calculated until 2015, the value from 2015 was used in the years 
2017 and 2018.  As shown by Durante et al., (2020a), MTI values for New Zealand have not 
varied greatly in the most recent years, which justify this approximation when comparing to 
long-term shifts in MTI.  Yearly values of SOI, PML SST, Munida sighting and MTI did not 
have strong correlations (Pearson’s coefficient correlation from -0.32 to 0.42) and were 
therefore fit for use in the general linear models.  Assumptions related to the linear models 
were checked with residual plots (by predicted values, by row and normal quantile).  All 
statistical analyses were undertaken with R 3.6.3 (R Core Team, 2020), JMP 14.0.0 (SAS 
Institute, 2018) and PRIMER 6.1.12 (Clarke & Gorley, 2006). 
 
5.2.5. Accounting for the effects of latitude and specimens’ size 
Because isotope values of fish muscle tissue, as well as trophic level and resource use 
can be influenced by location and specimens’ size (see chapter 3), these parameters need to be 
accounted for prior analyses.  To investigate the effects of year, location and fish size on bulk 
isotopes and trophic parameters, a general linear model was fitted for the corrected values of 
δ15N and δ13C, with total length, as well as the latitude and years of sampling as the 
explanatory variables.  For species with significant relationships between bulk isotopes, 
trophic parameters and total length, large specimens from the modern group and small ones 
from museum collections were excluded before analyses, until both groups achieved 
statistically indistinguishable distributions of total length (Wilcoxon test p > 0.05).  Similarly, 







 5.3.1. Changes in community niche width  
The area occupied by the communities’ isotopic space varied between before and after 
the full expansion of industrialized fisheries in New Zealand.  SEAc was significantly lower in 
the historical (1.82‰2) than in the modern community (3.56‰2, Figure 5.2).  These 
differences were above the 95% credible interval calculated for the historical (1.51 to 2.18‰2) 
and modern (3.09 to 4.06‰2) communities.  Other community metrics also presented an 
increase between periods, with increasing of δ13C range (0.68 to 1.27‰), δ15N range (1.4 to 
2.43‰), CD (0.52 to 1.03‰), MNND (0.48 to 0.96‰) and SDNND (0.49 to 0.99‰).  The 
increase in SEAc over time displayed different trends for different fish assemblages: while the 
inner shelf and mid slope assemblages had small changes over time, outer shelf (1.96 to 
3.25‰2) and slope (1.2 to 1.95‰2) displayed large increases in SEAc (Figure 5.3).  The 
observed differences in community-wide SEAc were mainly driven by changes in three 
species from the outer shelf: red cod (Pseudophycis bachus, Moridae), spiny dogfish (Squalus 
acanthias, Squalidae) and tarakihi (Nemadactylus macropterus, Cheilodactylidae) (Figure 
5.4).  Species-specific responses in SEAc were less clear from the slope assemblage, although 
ling (Genypterus blacodes, Ophidiidae) has had a large increase in SEAc between periods 
(Figure 5.4).  δ13C range was the only metric to be significantly different between periods for 
the outer shelf assemblage (Figure 5.5a), i.e. with group differences above 95% credible 
intervals.  Similarly, slope assemblage had an increase above the 75% credible intervals for 
δ13C range (1.16 to 2.12‰) and CD (0.72 to 1.04‰) (Figure 5.5b and 5.5c).   
Figure 5.2. Isotopic niche space represented by corrected δ13C and δ15N values from fish communities 
of the east coast of the South Island sampled at different periods. Black and red circles represent 
specimens from historical and modern periods, respectively, with solid lines representing Bayesian 
95% ellipses and dotted lines representing the minimum convex hull of each community 
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Figure 5.3. Standard ellipse areas corrected for small samples sizes (SEAc) from isotopic space 
represented by δ13C and δ15N values from fish communities of the east coast of the South Island 
sampled at different periods: historical (1; black bar) and modern (2; grey bar).  Fish species were split 
into assemblages, representing inner shelf (IS), outer shelf (OT), slope (SP) and mid slope (MS) 
habitats.  Black dots represent the mode value, with their respective 50, 75 and 95% credible intervals.  
Red crosses represent the calculated maximum likelihood value 
Figure 5.4. Standard ellipse areas corrected for small samples sizes (SEAc) from isotopic space 
represented by δ13C and δ15N values from outer shelf (a) and slope (b) fish assemblages collected at 
different periods: historical (1; black bar) and modern (2; grey bar).  Black dots represent the mode 
value, with their respective 50, 75 and 95% credible intervals.  Red crosses represent the calculated 
maximum likelihood value 
BAR - Barracouta 
WAR - Common warehou 
STA - Giant stargazer 
RCO - Red cod 
SPD - Spiny dogfish 
TAR - Tarakihi 
HOK - Hoki 
LIN - Ling 
LDO - Lookdown dory 





Figure 5.5. Bayesian inferred δ13C range for the outer shelf assemblage (a) and mean distance to the 
centroid (b) and δ13C range (c) for the slope assemblages of historical and modern samples.  Black 
dots represent the mode value, with their respective 50, 75 and 95% credible intervals.  Red crosses 
represent the calculated maximum likelihood value 
 
5.3.2. Changes in species trophic level and resource use  
Changes in %SPOM between periods were identified for species from the inner shelf 
and outer shelf, while differences in species TL were observed in all assemblages.  A 
significant increase in %SPOM between periods was identified for blue cod, common 
warehou (Seriolella brama, Centrolophidae), spiny dogfish and tarakihi (Table 5.3 and Figure 
5.6), with the largest differences displayed by tarakihi (average ± SE of 0.51 ± 0.05 to 0.67 ± 
0.03).  Similarly, TL also had significant increases between historical and modern samples for 
gurnard, red cod, tarakihi, hoki and orange roughy, with the largest observed differences for 
orange roughy (3.12 ± 0.04 to 3.49 ± 0.04).  Sea perch was the only species with a decrease in 




  Historical                                Modern 
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compared for each species during PERMANOVA analysis of trophic parameters from bulk 
isotope estimates. 
Figure 5.6. Average of estimated trophic level vs contribution from pelagic production to a fish’s diet 
(%SPOM) for specimens collected from the east coast of the South Island of New Zealand in historical 
(H) and modern (M) periods, with respective standard errors.  Arrows point from historical to modern 













Table 5.3. Average ± standard error of contribution from pelagic production to a fish’s diet (%SPOM) 
and estimated trophic level (TL) of commercial species collected from the east coast of the South 
Island during historical and modern periods.  t values from PERMANOVA comparison between 
periods are shown with its respective significance 
    %SPOM Trophic level 
Species Assemblage Historical Modern t (perm) Historical Modern t (perm) 
Blue cod Inner shelf 0.5 ± 0.03 0.6 ± 0.01 3.126** 3.11 ± 0.07 3.07 ± 0.04 0.394 
Elephant fish  0.43 ± 0.04 0.34 ± 0.04 1.414 2.7 ± 0.11 2.97 ± 0.01 1.528 
Gurnard  0.41 ± 0.03 0.41 ± 0.01 0.035 3.12 ± 0.03 3.42 ± 0.03 6.955*** 
Leatherjacket  0.52 ± 0.03 0.51 ± 0.02 0.475 3.02 ± 0.04 3.1 ± 0.05 1.420 
Barracouta Outer shelf 0.59 ± 0.06 0.52 ± 0.02 1.530 2.93 ± 0.11 2.76 ± 0.08 1.300 
Common warehou  0.51 ± 0.02 0.56 ± 0.01 2.379* 3.19 ± 0.04 3.17 ± 0.05 0.250 
Giant stargazer  0.46 ± 0.02 0.5 ± 0.01 2.000 4.03 ± 0.17 3.9 ± 0.06 0.898 
Red cod  0.59 ± 0.05 0.55 ± 0.02 0.902 2.95 ± 0.04 3.26 ± 0.04 3.986** 
Spiny dogfish  0.51 ± 0.01 0.59 ± 0.03 2.151* 2.31 ± 0.03 2.87 ± 0.08 5.553*** 
Tarakihi  0.51 ± 0.05 0.67 ± 0.03 3.128** 2.96 ± 0.05 3.11 ± 0.04 2.2154* 
Ling Slope 0.46 ± 0.03 0.5 ± 0.03 0.957 4.06 ± 0.1 4.15 ± 0.1 0.600 
Sea perch  0.52 ± 0.02 0.54 ± 0.02 0.651 2.98 ± 0.06 2.64 ± 0.05 4.267*** 
Hoki  0.69 ± 0.05 0.71 ± 0.01 0.210 3.33 ± 0.07 3.68 ± 0.03 4.029** 
Lookdown dory  0.61 ± 0.06 0.53 ± 0.01 1.572 3.01 ± 0.04 2.93 ± 0.03 1.613 
Orange roughy Mid slope 0.72 ± 0.01 0.69 ± 0.01 1.706 3.12 ± 0.04 3.49 ± 0.04 6.413*** 
0.05 (*), 0.005(**) and 0.0005 (***) levels of significance     
 
A significant decrease in δ13CEAA between periods was identified for red cod, tarakihi, 
hapuka and orange roughy, and decrease for hoki (Table 5.4), although δ13CEAA displayed no 
relationship with %SPOM (Figure 5.7a).  Between 126 and 2891 unique permutations were 
compared for each species during PERMANOVA analysis of δ13CEAA and TLGlx-Phe.  TLBulk 
estimates agreed with TLGlx-Phe, indicating the accuracy of both techniques to estimate TL 
(Figure 5.7b), but TLGlx-Phe differences between periods differed for some species compared to 
TLBulk results.  TLGlx-Phe only differed significantly between periods for tarakihi and orange 
roughy, with large differences between historical and modern samples (3.34 ± 0.08 to 4.25 ± 
0.04 for orange roughy) (Table 5.4). 
 
Table 5.4. Average ± standard error of δ13C of essential amino acids and trophic level (TL) estimated 
from δ15NGlx - δ15NPhe of commercial species collected from the east coast of the South Island during 
historical and modern periods.  t values from PERMANOVA comparison between periods are shown 
with its respective significance 
    Essential AA Trophic level (Glx-Phe) 
Species Assemblage Historical Modern t (perm) Historical Modern t (perm) 
Blue cod Inner shelf -21.19 ± 0.62 -21.71 ± 0.55 0.627 3.53 ± 0.11 3.5 ± 0.08 0.274 
Barracouta Outer shelf -24.97 ± 0.3 -26.04 ± 0.88 1.247 3.6 ± 0.05 3.41 ± 0.11 1.69 
Red cod -22.67 ± 0.68 -25.64 ± 0.37 3.412* 3.53 ± 0.17 3.71 ± 0.14 0.78 
Tarakihi -19.46 ± 0.25 -22.79 ± 0.37 7.633*** 3.12 ± 0.05 3.53 ± 0.03 5.7409*** 
Hapuka Slope -20.18 ± 0.35 -23.75 ± 0.45 5.956*** 4.53 ± 0.04 4.75 ± 0.08 2.172 
Ling -23.11 ± 0.57 -22.89 ± 0.34 0.303 4.62 ± 0.22 5.26 ± 0.28 1.866 
Hoki -25.1 ± 0.76 -21.72 ± 0.44 3.326* 4.18 ± 0.1 4.15 ± 0.07 0.267 
Orange roughy Mid slope -21.35 ± 1.22 -24.88 ± 0.24 2.841* 3.34 ± 0.08 4.25 ± 0.04 10.39* 




Figure 5.7. Linear regressions between the average contribution from pelagic production to a fish’s 
diet (%SPOM) and δ13C values of essential amino acids (a) and trophic level estimates from bulk 
isotopes and compound-specific isotopic analysis of amino acids (CSIA-AA) (b).  Grey and black 
symbols represent historical and modern specimens, respectively, with their linear regression lines and 
standard error bars 
 
 5.3.3. The effects of temperature, prey abundance and fisheries  
SOI, PML SST, Munida sightings and MTI varied in different ways between 1953 and 
2018.  While SOI and PML SST displayed cyclic periods of high and low values, expected 
from climate data, Munida sightings had a general decreasing and MTI an increasing trend 
with time (Figure 5.8).  When all species were pooled together, SOI had a significant 
contribution to the general linear model explaining %SPOM (slope ± SE of 0.05 ± 0.02, p = 
0.011).  Similarly, variation of TL estimated from bulk isotopes had a relationship with both 
PML SST (0.17 ± 0.05, p = 0.0006) and MTI (-0.39 ± 0.18, p = 0.032).  SOI (0.22 ± 0.05, p < 





contributed significantly to the linear model explaining the δ15NSource values.  Because of the 
variability in the ecological parameters among species and assemblages, linear models did not 
provide a good fit to the whole dataset (r2 between 0.02 and 0.05).  To account for species 
variability, a linear mixed effect model was run with the same variables but with species as a 
random effect.  Results were similar then previous models, but with a higher proportion of the 
variability explained (r2 = 0.28 for %SPOM, 0.44 for δ15NSource and 0.69 for TL) and 
significant species random effect at p < 0.02 for all variables.  When species were considered 
as random effect, MTI had a positive relationship to %SPOM (p = 0.011), δ15NSource (p = 
0.029) and a negative to TL (p < 0.0001), but the mixed effects model residuals from the last 
two variables were skewed from the normal distribution and were not improved with 
transformation, hampering our comparisons. 
Figure 5.8. Yearly deviation of the average of Munida sightings, Southern Oscillation Index (SOI), the 
temperature recorded from University of Otago Portobello Marine lab (PML SST) and New Zealand 
Marine Trophic Index (NZ MTI) from 1953 to 2018 
 
 Relationships between trophic parameters had a higher proportion of the variance 
explained when each assemblage was analyzed separately, especially for species from the 
slope.  %SPOM of inner shelf species had a significant relationship with Munida sightings, 
PML SST and MTI, although the regression only explained a small proportion of %SPOM 
variation (r2 = 0.12, Table 5.5).  MTI had no effect on %SPOM of the outer shelf and slope 
assemblages, but SOI and PML SST had contribution explaining the variability of that 
variable, but similar to inner shelf species it explained a small proportion of its variability (r2 
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= 0.07 for outer shelf and 0.23 for slope, Table 5.5).  TL of inner shelf species had a linear 
relationship with Munida sightings and MTI (r2 = 0.13, Table 5.5).  Variation of TL from the 
outer shelf assemblage was only explained by SOI (r2 = 0.19), while TL from the slope 
assemblage had a relationship with all variables at p < 0.005, except for MTI (r2 = 0.24).  All 
variables influenced δ15NSource values for the inner shelf assemblage at p < 0.05 (r
2 = 0.1).  
Similar results were obtained from the slope assemblage (r2 = 0.35), but no relationship was 
found for PML SST and MTI (Table 5.5).  δ15NSource estimated from the outer shelf 
assemblage did not have a significant relationship with any variable analyzed.  Trophic 
parameters from mid slope assemblage, comprising orange roughy only, were not 
significantly explained by any variables tested.  Inner and outer shelf assemblages had a better 
fit between TL and the explanatory variables (r2  = 0.13 and 0.18, respectively), mostly due to 
the contributions from elephant fish (Callorhinchus milii, Callorhinchidae) (species-specific 
general linear model, r2= 0.69), gurnard (r2 = 0.71), barracouta (r2 = 0.41) and spiny dogfish 
(r2 = 0.56).  Slope assemblages had a better relationship between those variables and δ15NSource 
(r2 = 0.35), mainly driven by ling (r2 = 0.51) and hoki (r2 = 0.98) responses, although the small 
number of sampling years for hoki limited the regression analysis (n = 5).  Linear mixed 
effects models were not run for each specific assemblage due to the small amount of species 
levels (< 5 for all assemblages except outer shelf) for the random effect analysis. 
 
 Table 5.5. Results of general linear model between estimated trophic level (TL), the contribution from 
pelagic production to a fish’s diet (%SPOM), estimated δ15N of the basal organic matter (δ15NSource); 
and Southern Oscillation Index (SOI), water temperature recorded from the University of Otago 
Portobello Marine Laboratory (PML SST), Munida sightings and New Zealand Marine Trophic Index 
(NZ MTI), for each fish assemblage 
%SPOM Munida sightings PML SST SOI  NZ MTI    
Assemblages Estimate SE p value Estimate SE p value Estimate SE p value Estimate SE p value 
Inner shelf -0.003 0.001 0.003 -0.098 0.025 0.000 0.019 0.044 0.666 0.209 0.079 0.009 
Outer shelf 0.000 0.001 0.589 0.094 0.028 0.001 -0.118 0.047 0.012 -0.227 0.125 0.071 
Slope 0.002 0.001 0.029 0.013 0.027 0.644 0.093 0.021 <.0001 0.076 0.114 0.507 
Mid slope 0.004 0.006 0.566 0.142 0.251 0.581 -0.144 0.196 0.472 0.176 0.685 0.801 
δ15NSource Munida sightings PML SST SOI NZ MTI     
Assemblages Estimate SE p value Estimate SE p value Estimate SE p value Estimate SE p value 
Inner shelf 0.006 0.002 0.015 -0.165 0.072 0.022 0.340 0.125 0.007 0.535 0.225 0.018 
Outer shelf 0.003 0.003 0.218 -0.099 0.081 0.221 0.051 0.134 0.702 0.364 0.358 0.311 
Slope 0.005 0.002 0.061 0.406 0.085 <.0001 0.247 0.064 0.000 0.382 0.355 0.285 
Mid slope -0.003 0.005 0.566 -0.117 0.208 0.581 0.120 0.162 0.472 -0.146 0.569 0.801 
TL Munida sightings PML SST SOI NZ MTI     
Assemblages Estimate SE p value Estimate SE p value Estimate SE p value Estimate SE p value 
Inner shelf -0.005 0.002 0.012 0.048 0.056 0.398 0.128 0.098 0.194 -0.468 0.177 0.009 
Outer shelf -0.001 0.002 0.629 -0.087 0.075 0.246 0.558 0.124 <.0001 0.368 0.332 0.269 
Slope 0.013 0.004 0.001 0.701 0.131 <.0001 -0.301 0.099 0.003 -0.431 0.547 0.432 
Mid slope 0.003 0.024 0.915 0.477 0.987 0.636 -0.144 0.769 0.854 0.803 2.696 0.770 
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5.3.4. Accounting for the effects of latitude and specimens’ size 
Latitude and total length had significant effects on bulk isotope and trophic parameter 
values for several species in the present study (Appendices A.5.1 and A.5.2).  A total of 658 
specimens were sampled and analyzed, 389 from modern and 269 from historical groups.  
After accounting for the effects of latitude and total length, 540 samples (337 modern and 203 
historical) were analyzed for bulk isotopes and 510 for the results of the isotope mixing model 
(325 modern and 185 historical).  A breakdown of sample sizes by species can be seen in 
Appendix A.5.3.  Because historical samples of hapuka were significantly smaller than 
individuals collected for the modern group, comparisons between TLBulk and %SPOM 























 When investigating the trophic structure variability of fish communities composed of 
large omnivores, the fundamental niche of each species needs to be considered, since their 
resource use will be affected by how each species interact with the environment (Deudero et 
al., 2004).  These interactions are usually linked to individual size and habitat use, and 
ultimately to the ecology of each species (Dalponti et al., 2018).  Bulk isotopes and trophic 
parameters estimated for the exploited community varied with latitude along the coast, as well 
as with total length for most species.  The magnitude and direction of those changes differed 
between species, although δ13C and %SPOM; δ15N and TLBulk tended to increase with latitude 
and total length, respectively.  These results corroborate studies that suggest that fish TL is 
related to body size, but TL variation is mainly driven by ontogenetic shifts and habitat use 
within populations (Dalponti et al., 2018; Ladds et al., 2020).   
 The results indicated a wider niche occupied by modern communities, mainly driven 
by outer shelf and slope assemblages.  There was a general trend towards a larger reliance on 
pelagic production when compared to macroalgae, as well as a shift to species feeding on 
higher trophic levels in the modern period.  Although the analysis between historical and 
modern communities was designed to investigate differences in trophic parameters before and 
after the expansion of industrialized fisheries in New Zealand, a linear relationship between 
these parameters and environmental variables was also observed for different species and 
assemblages.  These results are a strong evidence that different species and assemblages have 
been affected differently by environmental changes and fisheries activities, which should be 
accounted for in the management of these resources. 
 Although not all species displayed significant changes in %SPOM and TL between 
periods, several changes occurred in the direction of values previously occupied by other 
species.  For example, spiny dogfish specimens from the modern group occupied a higher 
trophic level relying more heavily on pelagic production, similar to red cod values from past 
samples.  Furthermore, lookdown dory and orange roughy shifted to similar values in modern 
samples previously occupied by sea perch and hoki in the region, respectively.  Small shifts of 
leatherjacket towards %SPOM and TL values previously occupied by blue cod was also 
observed in the inner shelf assemblage.  Although I was unable in the present study to 
confirm changes in fish diets, the nature of omnivore fishes, including their large array of 
prey species, indicate that the species analyzed here were likely to use resources abundant 
enough to sustain their populations, relying on different resources over time due to 
productivity levels, competition or habitat degradation (Jack & Wing, 2011).   
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5.4.1. Mid slope assemblage 
 The mid slope assemblage comprised of orange roughy has only demonstrated a 
significant increase in TLBulk between periods.  The differences observed did not have a linear 
relationship with Munida occurrence, SOI, PML SST or MTI.  Orange roughy is a long-lived 
(~130 years), bathypelagic species that started to be exploited in New Zealand in the 1970s 
(Andrews & Tracey, 2003; Fisheries New Zealand, 2019).  Because of its large biomass and 
appreciation in the international market, linked to the large decrease in landings of Atlantic 
cod (Gadus morhua, Gadidae) in the North Hemisphere, it quickly became an important 
export product for New Zealand (Johnson & Haworth, 2004).  Spawning stock biomass for 
commercial fish species in the study region decreased to 20% between 1980 and 2005, 
increasing to around 40% in 2017, within the current management target of 30 to 50% 
(Fisheries New Zealand, 2019).  The removal of large numbers of individuals from fish 
populations by fisheries since 1970 is likely reflected in the observed increase in TLBulk seen 
in the present study.  Populations with decreased biomass can in some cases have a predation 
release effect on prey species, allowing them to feed at higher TL (Augé et al., 2012; 
Pinkerton et al., 2015b).  The lack of relationship between TLBulk shifts and MTI values could 
be a result of the increase in the national MTI between 1980 and 2000, followed by a decrease 
in modern times.  Therefore, MTI values from the 1980s are very similar to modern values, 
impairing any linear relationships between these values and the TLBulk shifts recorded for 
orange roughy.  
 
5.4.2. Slope assemblage 
The slope assemblage comprised sea perch, ling, hoki and lookdown dory.  An 
expansion of the community niche breadth between periods was observed, mostly driven by 
an increase in niche breadth of ling.  The change was related to an increase in resource use 
and trophic diversity (δ13C range and CD) in that community.  Although CD is also a function 
of trophic packing, no significant change in MNND between periods was found, suggesting 
that the increase in CD values was mainly a result of increasing diversity in resource use as 
measured by the range of δ13C.  Therefore, species were observed to be accessing a wider 
array of basal resources through food web interactions compared to those used in the 
historical periods.  Although ling was observed to have had a significant increase in its niche 
breadth, it was the only species from the slope to demonstrate no shifts in %SPOM and TLBulk 
between periods.  The result suggests that ling population was still feeding at a similar 
average TL and its associated food web was relying on the same average combination of basal 
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organic matter sources, but specialization among individuals had increased for the modern 
samples.  Like the mid slope assemblage, sea perch, hoki and lookdown dory did not 
demonstrate significant shifts in %SPOM between periods, but TLBulk of fishes sampled in the 
present, except for sea perch, had higher values than the historical group.  Biomass estimates 
demonstrate no strong variability with time for lookdown dory and sea perch populations in 
the study region, but those are not available for long periods (1990s to present).  On the other 
hand, hoki stocks had the same pattern observed for orange roughy, with steep declines in 
biomass after the start of the deepwater fisheries, reaching 30% of the spawning biomass of 
1970 in 2005 (Fisheries New Zealand, 2019).  This was followed by a recovery in 2014 to 50-
60% of the spawning biomass estimated for 1970. 
Among the species with significant shifts in TLBulk between periods, sea perch was the 
only one to display smaller values in modern samples. Sea perch is a benthic forager with diet 
dominated by fish, crustaceans and salps (pelagic tunicata) (Horn et al., 2012). Horn et al. 
(2012) demonstrated that the importance of salps to the diet of sea perch and other salp 
specialist fishes varied together among years in the Chatham Rise. This result suggests that 
the diet of sea perch is dependent on prey availability and salp abundance, which could have 
been higher in modern periods, especially due ocean warming (Pakhomov et al., 2006).  Since 
salps are microphages, i.e. feeds at small particles in the water column and therefore at small 
TL, increase in salp consumption by sea perch could have driven the decrease in TL observed 
in the present study.  
SOI was the only variable to contribute significantly to the temporal trends of 
%SPOM, δ15NSoure and TLBulk for the slope assemblage.  The linear model slopes suggest that 
during years with higher SOI values (towards La Niña anomaly) and large Munida 
occurrences, the community relied more heavily on pelagic producers supported by a higher 
δ15NSource and lowering their estimated TLBulk.  Interestingly, years with higher temperatures 
recorded at PML were consistent with higher TL estimated for species from the slope 
assemblage, suggesting that the decreases in the individual’s TLBulk during years of high SOI 
(and usually warmer temperatures) could have a smaller influence from temperature changes 
and larger influences from another environmental or biological variables.  Warmer years 
could decrease pelagic productivity by reducing water mixing and transport at surface and 
subsurface, especially in the north of the east coast of the South Island (Chiswell & Sutton, 
2020).  Reduced new production would increase particle recycling by bacteria and nutrient 
reutilization by phytoplankton, especially during sinking, increasing the δ15N values of the 
basal organic matter pool used by the slope assemblage, consequently increasing their TLBulk 
 
159 
(Altabet, 1988).  Although the latter is true, PML SST values did not demonstrate a 
relationship with %SPOM for this assemblage, likely resulting from the lack of resolution of 
the environmental variables when attempting to understand this complex system (Winder & 
Schindler, 2004). 
 
 5.4.3. Outer shelf assemblage 
 The increase in niche breadth between periods was driven by tarakihi, spiny dogfish 
and red cod values and was related to a higher diversity in resource use, inferred by the 
significantly larger δ13C range in the modern community.  Giant stargazer and barracouta 
were the only species that did not demonstrate a significant change in %SPOM or TLBulk 
between periods.  Other species presented either an increase in the reliance of pelagic primary 
production (common warehou), TLBulk (red cod) or both (spiny dogfish and tarakihi) between 
periods.  Compared to the other species, barracouta and giant stargazer feed on a more limited 
prey pool that excludes most of the benthic invertebrates, such as worms, echinoderms, 
bivalves and cephalochordates, commonly found in the diet of the other species (Table 5.1).  
The reduced diet diversity of these species could have led to an inability to exploit different 
prey types supported by different basal organic matter sources.  This observation might 
explain their steady %SPOM and TLBulk values, as well as the lack of a significant difference 
in SEAc between periods.  The results from the present study suggest that the trophic 
interactions of species with large prey fields have likely changed in the outer shelf and slope 
before and after the full expansion of New Zealand fisheries.  Likewise, changes in diet 
composition caused by shifts in community structure due to fisheries activities were 
previously identified in important fishing grounds in George Banks (Garrison, 2000; Link & 
Garrison, 2002).  Although these shifts likely affected species interactions and energy flow in 
that ecosystem, piscivorous species kept feeding at similar guilds in those studies, feeding on 
different prey species but at a similar TL supported by a comparable basal organic matter 
source.  Differently, prey consumption and food web interactions resulted from changes in 
community composition can present more dramatic changes for opportunistic species, as seen 
for spiny dogfish in Argentina (Alonso et al., 2002), which corroborate the findings of the 
present study. 
 SOI had relationships with the variation in %SPOM and TLBulk through time for the 
outer shelf assemblage, but regression slope values had reverse signals and equations r2 were 
smaller than the ones seen from fishes from the slope.  The outer shelf community was 
comprised of highly mobile species that can exploit a large array of habitats and resources, 
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including individuals feeding exclusively on the ocean floor (tarakihi), to pelagic ones 
(barracouta).  This high variability in niches likely resulted in a lack of agreement between 
trophic parameters and the independent variables among species.  For example, while trophic 
parameters for common warehou had no relationship with Munida sightings, PML SST, SOI 
and MTI; %SPOM of red cod and TLBulk of barracouta had significant correlations with all 
variables analyzed.  Although the sample sizes limited the analysis of separate species, these 
results indicated that the direction and magnitude of the effects of climate, anthropogenic and 
natural processes depended on the niche of each species.    
 
5.4.4. Inner shelf assemblage 
 Fishes from the inner shelf assemblages did not demonstrate large shifts in niche 
breadth before and after the full expansion of fisheries in New Zealand, with only blue cod 
(increase in %SPOM) and gurnard (increase in TLBulk) having a significant shift in the trophic 
parameters between periods.  Fishes from the inner shelf assemblages are known to have been 
exploited for longer periods than offshore and deep-sea communities.  There is evidence of 
the depletion of large fish inhabiting New Zealand coastal waters since the middle of the 19th 
and 20th centuries (Macdiarmid et al., 2018; Parsons et al., 2009), both in size and biomass.  
For example, a fisheries report written by A.E. Hefford in 1937 indicated a decrease in 
fisheries productivity in coastal trawling grounds off the east coast of the South Island 
(Johnson & Haworth, 2004), while the reduced occurrence of hapuka in coastal waters was 
noted by the Marine Department decades earlier: “At Nugget Bay the fishermen report that 
fishing on the inshore grounds has been rather poor, but further off in the deeper water the 
catches were quite equal to other years. Hapuku [hapuka] is the principal fish taken” (Fisher, 
1913).  After the removal of large, high trophic level individuals through fisheries, the niche 
previously occupied by species such as hapuka was likely filled by other species, which could 
then impede the recovery of hapuka through competition and predation of juveniles.  A 
similar effect of competitive exclusion was indicated by modeling Atlantic cod populations in 
the Scotian Shelf (Bundy & Fanning, 2005).  Therefore, the largest effects of fisheries on the 
trophic interactions of the inner shelf food web have likely occurred before the time frame of 
the present study, explaining the relatively steady state of the current food web.  
In contrast with the comparisons between periods, continuous linear models of 
community trophic structure had significant relationships from changes in climate, 
anthropogenic and biological processes.  Higher occurrences of Munida resulted in decreases 
in reliance on pelagic production and TL by the inner shelf assemblage, with a subsequent 
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increase in δ15NSource.   Years with colder temperatures also corresponded to decreased 
%SPOM and δ15NSource values, which could be linked to the larger number of Munida inshore 
(Meerhoff et al., 2013), although those variables were not highly correlated.  SOI values had 
the reverse correlation with δ15NSource, indicating again that the effects of SOI on the trophic 
parameters analyzed could be a result of different environmental processes (e.g. occurrence of 
draughts) then increased sea surface temperature.  The relationships observed between 
Munida sightings and the other parameters for the inner shelf assemblage presented an inverse 
trend of the ones found for fishes from the slope.  Munida is known to have both pelagic and 
benthic morphotypes that feed on different basal organic matter pools (Funes et al., 2018).  
Occurrence and biomass of macroalgae were higher in the diet of Munida collected in 
shallower waters compared to deeper water specimens in the Beagle Channel, Argentina 
(Romero et al., 2004).  Munida close to shore was likely utilizing organic matter from kelp 
and reducing the reliance on pelagic organic matter to the inner shelf food web.  The same 
process was observed for the fish from the other assemblages, where invertebrates would rely 
more heavily on pelagic production, increasing the assemblage’s %SPOM values.   
The inner shelf was the only assemblage to demonstrate a significant relationship 
between trophic parameters and MTI.  These results suggest that, within the timeframe of the 
present study, fisheries activities only had a continuous effect on the trophic parameters of the 
coastal community analyzed, when compared to the species inhabiting the outer shelf, slope 
and mid slope.  Nevertheless, there was a general trend of increasing fish reliance on basal 
organic matter from pelagic producers and occupying a lower TL with the continuous 
expansion of fisheries.  δ15NSource also increased significantly with MTI, which was in line 
with the decreased TLBulk values observed.  The relationship between trophic parameters, prey 
abundance, PML SST and MTI were investigated between 1953 to 2018.  During that period 
MTI rose from 3.62 to 4.14 in 1997, falling to 4 in the most recent years.  While inner shelf 
species were exploited since the 19th century, other assemblages remained largely off-target 
until the 1970s and 1980s, which could explain the lack of contribution observed from MTI to 
the linear models with trophic parameters.   
   
5.4.5. CSIA-AA estimates 
The use of both bulk isotopes and CSIA-AA provided an opportunity for comparing 
and validating the trophic parameter estimates using two different techniques.  This is 
especially important when analyzing samples from past environments with unavailable 
isotope baseline from primary producers.  In the present study, although some samples had 
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large differences between bulk and AA estimates, in general, species average values of TLBulk 
agreed with TLGlx-Phe, indicating the accuracy of both estimates.  Differences in TLGlx-Phe 
between periods were also generally consistent with TL from bulk isotopes.  Conversely, 
%SPOM displayed no relationship with δ13CEAA, indicating the poor performance of EAA for 
tracking organic matter sources between macroalgae and SPOM, which can be related to the 
smaller carbon pool in EAA compared to bulk tissues (Whiteman et al., 2019).   
Although historical and modern samples analyzed for CSIA-AA were sourced from 
similar locations, sample sizes hampered the ability to account for the effects of total length 
on the trophic parameters estimated by CSIA-AA.  Hapuka, red cod and orange roughy had a 
significant positive relationship between bulk TL and total length, with larger specimens 
comprising the modern group (Wilcoxon’s test, p < 0.02).  These differences in individual 
size likely influenced TLGlx-Phe values observed for these species, since individuals from the 
historical group were significantly smaller than from modern samples.  Interestingly, no 
significant increase in TLGlx-Phe was observed for red cod and hapuka between historical and 
modern samples.  These results suggest that smaller individuals of these species have 
currently a higher TL, occupied by larger individuals in the historical food web.  Although the 
mechanisms of these shifts are still unknown, reduction in the abundance of larger, high TL 
fishes have the potential to release species and/or individuals from predation, which can 
occupy the available niche due to species removal (Pace et al., 1999; Stortini et al., 2018).  
Like for orange roughy and hoki, these findings are in line with the temporal reduction in the 
abundance of these species (Fisher, 1913; Fisheries New Zealand, 2019). 
 
5.4.6. Caveats 
 While all samples were arithmetically corrected for different lipid concentrations, the 
accumulation of urea is also known to affect isotope values in muscle tissue of cartilaginous 
fishes (Li et al., 2016; Takagi et al., 2014).  These effects were not corrected in the present 
study, since there is no correction equation for these effects for fishes that have been under 
fixation and preservation (Burgess & Bennett, 2017).  Because we are comparing the same 
species between sites and periods, errors from the lack of ammonia correction are expected 
not to hinder the analysis of spiny dogfish and elephant fish, the only cartilaginous fish 
species analyzed in the present study. 
 Temporal shifts in δ15N of animal tissue can be related to nutrient enrichment from 
coastal runoff, due to fertilizers, sewage, and other anthropogenic activities (Baker et al., 
2010).  Although this process has been shown to occur along the Otago coast (Sabadel et al., 
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in press), δ15N enrichment was only seen for herbivorous species feeding directly on kelp, 
therefore this effect was not considered in the present study. 
 Because a relationship between length and isotopic values used to calculate the trophic 
level of fish was observed, the results presented here were dependent on the specimen’s size.  
While restricting the sizes of specimens compared between periods may be appropriate due to 
collection biases, size-TL relationship as well as the size structure of the populations at each 
period are needed to proper investigate trophic structure changes at the community level.   
Because specimens from museum collections were only available in small quantities 
with low level of replication at the year level, grouping them into assemblages was necessary 
for the analyses between fishes’ trophic parameters, prey abundance, environmental and 
fisheries data.  Bias could have arisen from high number of specimens collected from single 
years, and lack of samples in others.  Analysis of the distribution of samples among years has 
shown that samples were well distributed along the historical periods for most species, with 
an increase in sample size for the modern period.  Although most datasets presented a normal 
distribution of residuals, %SPOM and δ15NSource of outer shelf assemblage showed lack of 
agreement in the normal quantile plot.  This result was probably originated from the fact that 
fishes from this assemblage present contrasting life histories, hindering the comparison of 
trophic parameters when grouped, as discussed previously. 
 
 5.4.7. Implications for the ecology and management of fish communities 
By removing top predators, exploitation can reduce trophic redundancy, increase 
trophic diversity and create longer food webs (Saporiti et al., 2014).  Removal of large 
individuals from a community can also have a cascade effect and result in mesopredator 
release, when smaller predators start preying on resources previously used by higher trophic 
level species (Estes, 1998; Pace et al., 1999).  While New Zealand coastal waters have been 
fished for centuries, even before the arrival of Europeans (Johnson & Haworth, 2004), 
offshore and deeper environments would only be largely affected by exploitation after the 
industrialization of fisheries around 1970 (Durante et al., 2020a).  An increase in the 
variability of resource use and niche breadth of consumers has been linked to impacted and 
less productive marine systems (Donázar-Aramendía et al., 2019; Jack & Wing, 2011), as 
well as to reduced growth rates in fish populations (Jacquemin & Doll, 2013).  While there 
was an increase in niche breadth throughout the whole ecosystem, four species (red cod, 
tarakihi, spiny dogfish and ling) were responsible for the increases between the periods 
analyzed, which indicate the specific impact of fisheries activities (Mancinelli & Vizzini, 
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2015).  Although inner shelf assemblages had little change between the periods analyzed, 
trophic parameters presented a linear correlation with MTI through time.  I speculate that the 
trophic structure of inner shelf species has been relatively stable in the past decades, 
evidenced by comparisons between years, while variation in trophic parameters correlated to 
MTI indicates a much earlier impact of fisheries in that community.   
 Changes in primary production driven by climate variability could have affected the 
marine food webs, with consequences to fish abundance and fisheries yields (Brown et al., 
2010).  The impact of these changes on the commercial fish communities is complex and 
depends on intra- and interspecific interactions, resonating to the entire food web (Casini et 
al., 2008).  For example, climate forcing has been demonstrated to affect recruitment and 
abundance of young of the year of important commercial fish species in New Zealand, 
including hoki (Bull & Livingston, 2001) and red cod (Beentjes & Renwick, 2001).  Negative 
SOI and colder water temperatures were identified as better conditions for the recruitment of 
both species and were likely related to increased pelagic productivity and food availability. 
There is a prolific body of literature describing the effects of climate change and 
fisheries on marine communities worldwide (Crowder et al., 2008; Doney et al., 2012; Harley 
et al., 2006; Ward & Myers, 2005).  These relationships not only indicate that fish 
communities have endured large shifts in species composition, distribution, size frequency 
and trophic relationships over the past but are also likely to be affected by these stressors in 
the future.  I have demonstrated in the present study that the trophic structure of different 
exploited fish assemblages have been affected since the expansion of New Zealand 
industrialized fisheries and had different continuous relationships with fishery activities, 
climate forcing and shifts in prey abundance.  Trophic structure is an important aspect of a 
fish’s niche and a key concept that needs to be understood before applying ecosystem 
approaches to fisheries management (Crowder et al., 2008; Thrush & Dayton, 2010).  
Application of ecosystem-based approaches requires a shift from stock-population to 
community-habitat management unit, focused on species interactions and overall productivity 
of specific habitats (Mangel & Levin, 2005).  Productivity and trophic structure can be 
affected by both climate and anthropogenic stressors, so the study of their individual and 
synergistic effects on exploited communities is necessary for the proper management of the 
seascape and these resources (Hare, 2014).  While we can manage the impacts of fishing on 
those communities, the same is not true for climate-driven and natural stressors.  While sea 
surface temperature is increasing in the study region (Shears & Bowen, 2017), Munida 
sightings have been decreasing with time (Figure 5.8).  Although we still do not know the 
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future effects of these changes in the ecosystem, the present study is the first to demonstrate 
how these shifts may alter the trophic structure of important fisheries resources in New 
Zealand, and how they differ between different habitats.  While more investigations are 
necessary to uncover the specific mechanisms of those changes, current ecological knowledge 

























Chapter 6                                                                                                      
Long-term shifts in the structure and length-frequency of fish 




 Fish communities, especially species inhabiting the continental shelf, have been 
exploited for centuries in most marine systems.  The composition and size structure of these 
communities can be affected by both fisheries and environmental influences, but long-term 
studies with fisheries-independent data are still rare.  In the present study, data from research 
bottom trawl surveys conducted between 1991 and 2018 were analyzed to identify long-term 
changes in species composition and size distributions of demersal fish species.  The 
community analyzed inhabits the continental shelf and upper slope of the east coast of the 
South Island of New Zealand.  Analysis of variance, hierarchical clustering and MDS plots 
demonstrated that community composition has changed over the years, with a tendency 
towards larger overlap among species in space in most recent periods.  Statistical differences 
in depth use for the whole community were not found, although, several species have changed 
their depth distributions over time, mainly related to shifts in abundance at different depths. 
Total catch rate (kg.km-2) of the whole community combined has increased significantly, 
while the average trophic level decreased over time for all depth groups analyzed, primarily 
explained by an increase in the abundance of intermediate trophic level species.  In general, 
data from fishing pressure, temperature, and sediment type did not covary with changes in 
species abundance.  However, fishing pressure presented a significantly higher correlation 
with the variation in length-frequency of species at intermediate trophic levels, suggesting the 
impacts of fisheries are heterogeneous throughout the community.  The present study 
demonstrated how the structure of an important fish community has changed through time 
and how these changes affected species at different trophic levels, an important step towards 
the multi-species management of fisheries resources.  Although the community presented 
compositional changes, the community can be considered stable over the periods analyzed, 





 6.1. Introduction 
Marine fishes have been exploited for centuries worldwide, but there is still a lack of 
knowledge on long-term changes in abundance, distribution, and length-frequency of 
communities from important fishing grounds (Chrysafi & Kuparinen, 2016).  Most of the data 
available on these communities come from commercial fisheries landings data.  However, 
because landing data systematically bias sampling by actively seeking large aggregations, 
unreporting discards and by presenting differences in fishing power, long-term analysis of 
these parameters should be undertaken with fisheries-independent data to accurately resolve 
community changes (Durante et al., 2020a).  Accordingly, long-term analysis of abundance 
trends from fisheries-independent surveys is important to detect the impact of anthropogenic 
activities on marine biodiversity, especially communities known to be affected by exploitation 
(Branch et al., 2010).     
Fish abundance and community composition can be influenced by recruitment, 
mortality and migration of individuals, but are also dependent on ocean productivity, prey 
availability and environmental factors, such as water temperature (Hixon et al., 2012; 
Mutshinda et al., 2009).  In exploited environments, fisheries also play an important role in 
shaping the abundance of these populations, with potential synergetic effects coupled with 
ecological and environmental processes (Beukhof et al., 2019; Lima et al., 2020; Verba et al., 
2020).  For example, although the collapse of sardines in the California Current ecosystem 
during the 1950s was mainly a result of weak recruitment, exploitation rates were linked to 
the range and rates of those changes (Lindegren et al., 2013).  Further, the dynamics between 
sardines and anchovies’ populations since 1661 were mainly driven by climate forcing and 
species-specific life history traits.  While fisheries research and stock assessments often focus 
on single populations, or even parts of a population, long-term changes in the composition of 
fish communities have been reported worldwide, with shifts in species abundance and 
dominance within each community (Moyes & Magurran, 2019; Safiq et al., 2018).   
When studying the effects of different stressors on the structure of complex aquatic 
communities, the use of species traits instead of species identity can simplify analysis and 
facilitate the resolution of generalized impacts on different habitats (Beukhof et al., 2019; 
Jennings & Polunin, 1997).  Species traits such as longevity, sedentary lifestyle and high 
trophic level can also reflect enhanced vulnerability to environmental and anthropogenic 
stressors (Henriques et al., 2014).  Because of these differences, changes in species 
composition can affect the distribution of trophic levels within a community (Shannon et al., 
2014).  These community shifts are usually linked to the selective exploitation of high trophic 
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level species and can alter the energy flux and fisheries yields of specific stocks (Sosa-López 
et al., 2005; Udy et al., 2019c).  Because of this selectivity, trophodynamic indicators, such as 
mean trophic level of the commercial fisheries catch, have been demonstrated to be a good 
tool for the evaluation of the impact of fisheries at an ecosystem level (Cury et al., 2005; 
Kleisner et al., 2014).  Nevertheless, it is challenging to identify the drivers of change in the 
trophic level composition of large communities (Sosa-López et al., 2005). 
Although shifts in fish assemblage composition, trophic structure and species traits 
can be good indicators of environmental and anthropogenic impacts on marine communities 
(Garrison, 2000), length-frequency variation of a population will likely respond faster to those 
effects than compositional shifts (Beukhof et al., 2019).  Shifts in length-frequency of a 
population can have a large impact on trophic interactions, since a small decrease in length at 
age (reduced growth rates resulting in increased numbers of small individuals) can 
exponentially increase a species’ mortality due to predation (Audzijonyte et al., 2013).  Size-
based indicators such as mean and maximum length of individuals within populations and 
communities have been used to resolve the effects of fishing on exploited populations, but no 
single indicator was found to respond effectively to exploitation and environmental effects 
(Shin et al., 2005).  By using information from complete size distributions within fish 
populations, Tu et al. (2018) demonstrated that exploitation rates and temperature changes 
have long-term effects on the size structure of commercial species, although these effects 
were different for species from contrasting habitats.   
The fisheries resources of New Zealand have been exploited commercially since 1860, 
with an important expansion of fishing grounds after 1970 (Johnson & Haworth, 2004).  This 
was followed by a reduction of both landings and mean trophic level composition of the catch 
after the full expansion of industrialized fisheries in the year 2000 (Durante et al., 2020a), 
indicating a change in the trophic architecture of those communities (Pauly et al., 1998).  
During the development of New Zealand fisheries, exploitation intensity was not 
homogeneous within its waters, with fishing pressure initially focused on the inshore and 
demersal communities with a more recent history of deep-sea and offshore activities (Durante 
et al., 2020a).  Because of the selective nature of fisheries and spatial heterogeneity of fishing 
effort, these activities likely had distinct effects on species with contrasting life history 
strategies.  Further, trawling became the prevalent fishing method (Fisheries New Zealand, 
2019), with the potential to modify the structure of fish assemblages over time (Watson et al., 
2006).  The amount of fisheries research undertaken has also been heterogeneous across 
marine systems in New Zealand.  For example, inshore habitats have had relatively low 
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coverage of fisheries observers and discard/bycatch assessments compared to other deepwater 
and large volume fisheries, which has increased the predominance of ‘unknown stock status’ 
assigned to many inshore species (Fisheries New Zealand, 2019; Mace et al., 2014).   
Understanding if and how community assemblages of important commercial species 
have changed over time is an important step towards multispecies management (Mahon et al., 
1998).  Species abundance, distribution and length-frequency data are routinely collected 
during research trawl surveys in New Zealand, and provide a reliable data source for long-
term studies on the structure of fish communities (MacGibbon et al., 2019; O’Driscoll et al., 
2018; Stevenson & MacGibbon, 2018).  Regions surveyed include the historically important 
east coast of the South Island, which includes two of the largest fisheries ports in New 
Zealand (Lyttelton and Timaru).  The region is important for commercial and recreational 
fisheries and is managed as a single fisheries management area (FMA 3) for most exploited 
species (Fisheries New Zealand, 2019).  The continental shelf along the east coast is 
heterogeneous, comprised of rocky reefs in the south (Otago, ~ 46˚ S) and north (Kaikoura, ~ 
42˚S), and a sandy gently sloping bottom in between, extending offshore along the 
Canterbury Bight (Figure 6.1).  This geomorphology facilitated the development of an 
extensive inshore trawl fishery, resulting in one of the most intensively trawled areas in New 
Zealand waters since the expansion of industrialized fishing, measured on Catch Effort 
Landing Returns (CELRs) (Baird et al., 2011).  Seawater temperature has also been 
demonstrated to vary greatly along the region, both at short (seasonal and yearly, see Chapter 
2) and long (decades) time scales (Hopkins et al., 2010; Shears & Bowen, 2017), but the long-
term effects of exploitation and temperature on the composition and size frequency of the fish 
community have not been previously studied.  Nevertheless, Beentjes et al., (2002) has 
demonstrated the existence of different fish assemblages with contrasting depth distribution 
between winter and summer surveys in the region, but temporal investigations were not made 
in that study. 
The National Institute of Water and Atmospheric Research of New Zealand (NIWA) 
has published several reports with the results of Fisheries New Zealand trawl surveys where 
they have analyzed the main trends in the abundance, length-frequency and distribution of the 
commercial fish species along the east coast of the South Island (MacGibbon et al., 2019).  
Instead of analyzing the shifts in abundance and size composition of the commercial fish 
community between years, the aim of the present study was to investigate long-term 
variations of these parameters.  Here surveys were pooled in year groups to reduce between-
year variability and to answer the following questions: (1) has the exploited fish assemblage 
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composition and size structure changed between periods?  (2) Has the composition of trophic 
level within the exploited community changed?  (3) How much of this variation could be 
explained by fisheries and environmental variables?  (4) Did species with contrasting life 
history, ecological traits and habitat use have different relationships with fisheries and 
environmental variables? 
Figure 6.1. Map with the location of trawling stations (30–400 m) inside the Canterbury Bight used in 
the present study divided by time periods.  White represents land, while shades of grey represent depth 






6.2.1. Data collection 
Twelve bottom trawl surveys of the Canterbury Bight and Pegasus Bay were 
undertaken by NIWA on behalf of Fisheries New Zealand between 1991 and 2018 
(MacGibbon et al., 2019).  The trawl surveys are also known as the east coast South Island 
trawl survey time series.  The main objective of the surveys was to determine the relative 
distribution and abundance of important commercial species of fish, including red cod 
(Pseudophycis bachus, Moridae), giant stargazer (Kathetostoma giganteum, Uranoscopidae), 
sea perch (Helicolenus percoides, Sebastidae), tarakihi (Nemadactylus macropterus, 
Cheilodactylidae), spiny dogfish (Squalus acanthias, Squalidae), elephant fish (Callorhinchus 
milii, Callorhinchidae), red gurnard (Chelidonichthys kumu, Triglidae) and dark ghost shark 
(Hydrolagus novaezelandiae, Chimaeridae).  All surveys were conducted from the R.V. 
Kaharoa, using standardized bottom trawl nets with a headline height of 4 to 5 m.  One-hour 
tows were conducted during daylight hours at a speed of 3 knots over the ground.  The catch 
from each tow was sorted by species and weighed to the nearest 0.1 kg.  Relative abundance 
in the form of catch rates (kg.km-2) was then calculated for each species based on the area 
swept by the trawl doors and distance towed.  Length, sex and individual weights were 
recorded for Quota Management System (QMS) species as well as other selected species 
(Fisheries New Zealand, 2019), either for the whole catch or, for larger catches, from a  sub-
sample of about 100 randomly selected fish.  The twelve surveys were conducted in 1991–
1994, 1996, 2007–2009, 2012, 2014, 2016 and 2018 during late autumn-winter (April–June) 
and used a two-phase random stratified survey design (Francis, 1989).  Between 1996 and 
2000 five surveys were undertaken during summer (December–January) but were 
discontinued due to extreme fluctuations in catchability between surveys (Beentjes & 
Stevenson, 2001; Francis et al., 2001).  The survey area of approximately 23 000 km2 was 
initially stratified by depth ranges and these were arbitrarily divided into nine smaller strata 
along the coast (1991–1993), and into 17 strata starting in 1994 (MacGibbon et al., 2019).  
Strata depth categories represented the inshore (30–100 m), shelf edge (100–200 m) and 
continental slope (200–400 m).  Simulations were carried out using catch data from previous 
surveys to determine the allocation of trawl stations within each stratum, with the aim of 
achieving specified coefficients of variation.  Trawl stations were then randomly allocated 
inside each stratum with a minimum separation distance of 5 km and a minimum of three 
tows per stratum.  Surveys after 2007 included an extra depth range, between 10 and 30 
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meters, to improve the sampling of coastal species such as elephant fish and red gurnard, but 
these data are not part of the present study.  
Relative abundance data (catch rates - kg.km-2), of 32 fish (eight cartilaginous fishes 
and 24 teleosts) and one squid species, as well as length frequency of 25 fish species (seven 
cartilaginous fishes and 18 teleosts) were analyzed from these twelve surveys.  Length 
frequency data of rattails (Macrouridae), crested bellowfish (Notopogon lilliei, Centriscidae), 
javelinfish (Lepidorhynchus denticulatus, Macrouridae), silverside (Argentina elongate, 
Argentinidae), carpet shark (Cephaloscyllium isabellum, Scyliorhinidae), witch (Arnoglossus 
scapha, Bothidae) and scaly gurnard (Lepidotrigla brachyoptera, Triglidae) were not 
analyzed.  
 
6.2.2. Data processing 
Data acquired from the east coast South Island trawl surveys were extracted from the 
Fisheries New Zealand trawl database and processed to ensure the accurate comparison 
between years and regions of interest.  Because differences in community composition and 
spatial distribution were found between summer and winter surveys (Beentjes et al., 2002), 
only surveys that were conducted during winter were analyzed in the present study.  
Similarly, data from stations shallower than 30 meters were excluded from the present study 
since the shallow strata (10–30 m) were not included in surveys before 2007.  To avoid 
analyzing catch rates influenced by poor gear performance, only tows with gear performance 
of 1 and 2, considered satisfactory for abundance estimates, were kept for analysis (Beentjes 
& Stevenson, 2001; MacGibbon et al., 2019).  Due to the lack of environmental data and 
identification of some species, data from the 1991 survey was not used in the community 
structure analysis.  To account for interannual variability on the data, survey years were 
aggregated into three discrete year groups (1992–96, 2007–09 and 2012–18), with analysis 
undertaken between groups and not between single years.  1992–96 period also included 
length-frequency data from 1991. 
 
6.2.3. Species assemblage composition and size structure  
To investigate changes in species composition between year groups, resemblance 
matrices of species catch rates were calculated using a Bray-Curtis similarity index.  Bray-
Curtis similarity is suitable for analyses of community data, because unlike Euclidian distance 
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it preserves species identity (Bray & Curtis, 1957), giving  more weighing to abundant than 
rare species.  Catch rates were fourth root transformed before analysis to avoid similarity 
inflation due to differences in natural abundance between species.  A “dummy” species 
present in every sample with a value of 1 was also included before resemblance calculation, 
which improves Bray Curtis similarity comparison for samples with few or zero individuals 
(Clarke et al., 2006).  Changes in species associations between periods were investigated with 
hierarchical cluster analysis and non-metric multi-dimensional scaling (MDS) plots, using 
between-species Bray-Curtis similarity, which grouped species with similar occurrences and 
abundances in each period.  Species can be visually identified and grouped in both 
hierarchical clusters and MDS plots (Beentjes et al., 2002), enabling this study to investigate 
changes in species associations between periods. 
Resemblance matrices of Bray-Curtis similarity between tows were analyzed using 
pairwise permutational analysis of variance (PERMANOVA) to investigate changes in the 
community structure between periods.  PERMANOVA is a nonlinear, non-normal analysis of 
variance that tests between and within group similarities in the multivariate space, using 
permutation to compute statistical tests, instead of statistical tables (Anderson, 2001).  
Because statistics calculated during PERMANOVA take into account the distances of the 
multivariate cloud within and between the group centroid, it is sensitive to both location and 
dispersion effects (Clarke & Gorley, 2006).  A test of homogeneity of dispersions 
(PERMDISP) was then applied, which can help to explain significant PERMANOVA results 
that are not linked to multivariate location effects.  PERMDISP can help to identify between-
period differences due to species abundance variability in the multivariate space, which could 
indicate a community under stress (Chapman et al., 1995; Warwick & Clarke, 1993).  
PERMANOVA and PERMDISP were run for the whole dataset, as well as for each depth 
group, which represents the survey division of strata (30–100, 100–200 and 200–400 meters).  
To elucidate changes in community composition, differences in the average catch rates of 
each species between periods were investigated with Student’s t-test for each depth group 
separately.   
Because assemblage composition is usually well described by depth in the study 
region (Beentjes et al., 2002), preferred depth for each species was calculated and compared 
between periods.  A locally estimated scatterplot smoothing regression (LOESS) was fitted 
between catch rates and station depths for each species in each period, while 5% and 95% of 
the cumulative distribution of catch rates were set as the deeper and shallower distribution of 
each species between the depths sampled (depth range use), preferred depths were 
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characterized by 50% of their cumulative abundance.  LOESS is a non-parametric approach 
that fits small models to subsets of the data, being suitable for complex and non-linear 
analysis (Cleveland et al., 1992).   
Length frequency data were scaled by the percentage of the catch sampled, area swept 
by the trawl doors, and stratum area using the NIWA program SURVCALC (Francis & Fu, 
2012).   This was output as the sum of individuals per centimeter size class by strata and 
overall for all strata combined, resulting in the estimated population length-frequency 
distributions of each species in a given survey year (MacGibbon et al., 2019).  The scaled 
number of individuals per centimeter size class for each survey was then averaged within each 
period per species.  Differences in the average length of the whole community between 
periods were analyzed with an ANOVA, while the distribution of size classes was visually 
compared for each species and for all species combined. 
 
6.2.4. Trophic level composition of the fish community 
To investigate temporal changes in the trophic structure of the community, a weighted 
average trophic level of each tow was calculated and plotted for the three depth groups.  The 
average trophic level of the catch was then compared between year groups at each depth 
category using a Tukey-Kramer post hoc test.  Trophic level estimates were retrieved from 
Fishbase (Fishbase.org).  Trophic level is known to increase with fish length, because larger 
fish can feed on larger, higher trophic level prey (Dalponti et al., 2018), but can also show 
changes with time (Fanelli & Cartes, 2010).  Since length measurements were not taken from 
every species, a static value of trophic level was assigned for each species independent of size 
or potential temporal changes in species trophic level.  
 
6.2.5. The effect of fisheries and environmental variables 
 Because the datasets used in the community composition and length-frequency 
analysis were spatially explicit and non-explicit, respectively, different datasets were used to 
investigate the relationship of fisheries and environmental variables to changes in the species 
composition and size structure of individual species in the community.  After depth and 
latitude, bottom temperature and sediment were the two environmental variables known to 
influence the composition of fish assemblages in the region (Beentjes et al., 2002).  Therefore, 
bottom temperature recorded from every tow and sediment data were used to describe the 
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abundance variability of each species.  While the temperature was recorded with a CTD (an 
oceanographic instrument that records conductivity, temperature and depth) attached to the 
trawl gear, sediment data were obtained from NIWA maps, which describe the distribution of 
sand, mud, gravel, as well as sediments comprising more than 50% of calcium carbonate 
(Leathwick et al., 2012).  For the few tows missing temperature values, an expectation 
maximum likelihood algorithm was used to estimate a value for that location, assuming a 
multi-normal distribution model for the data (Clarke & Gorley, 2006).  Because the bottom 
temperature is correlated with depth, bottom temperature anomaly was used in the analysis of 
community composition.  A  LOESS was fitted between bottom temperature and depth from 
every tow from 1992 to 2018, the equation was then used to calculate the anomaly of 
temperature recorded in each station for that specific depth (Beentjes et al., 2002).  To 
investigate the effects of commercial fishing, the distribution of average commercial catches 
(kg.ha) between 2007 and 2017, grouped into ten catch intensity categories, was used as an 
index of fishing intensity at every tow location (Fisheries New Zealand unpublished data, 
Appendix A.6.1).  Catch values in this dataset are likely to be a function of fish abundance, 
and were used here as a proxy of fish removal due to fisheries activities, being the only high 
resolution, spatially explicit dataset of fisheries activities in the region (see Appendix A.6.2).  
The 1993 survey was excluded from the environmental analysis due to the high number of 
missing temperature values.    
The yearly average surface temperature recorded at the University of Otago Portobello 
Marine Lab (PML) was used as an independent variable in the length-frequency analysis.  
Surface temperature recorded at PML is a localized environmental proxy, but has been shown 
to follow the overall fluctuation in the temperature of boundary currents in the region, 
associated with wind regimes (Shears & Bowen, 2017).  Total reported commercial landings 
of each species in this region, reported by fisheries statistical area (018, 020, 022 and 
024)(Fisheries New Zealand, 2019), were provided by Fisheries New Zealand and used as a 
general proxy for fish removal from the population between different years in the length-
frequency analysis.  These data corresponded to the total estimated catch for five and eight 
most abundant species caught, depending on data type: Catch Effort Landing Returns (CELR, 
5), Trawl Catch Effort Return (TCER, 8), Lining Catch Effort Return (LCER, 8), Net Catch 
Effort Landing Returns (NCELR, 8), Trawl Catch Effort and Processing Return (TCEPR, 5) 
and Lining Trip Catch Effort Return (LTCER, 8).  Catches were combined for each fishery 
general statistical area along the east coast of the South Island (see Chapter 4, Figure 4.1).  
Due to confidentiality, only data from an area in which three or more fishers reported catch 
were combined.  Analogous to the catch intensity map based on kg.ha (Appendix A.6.1), 
 
176 
landings reported by statistical area are also a function of species abundance in this region, 
not only fishing effort (see above paragraph).  Because fisheries data from 2018 were not 
available at the time of the analyses, data from 2017 were also used in the analysis of 2018 
length-frequency data.  This approximation is justified by the small changes in both total 
allowable commercial catch and the total catch in the region between 2017 and 2018 
(Fisheries New Zealand, 2019).  
Distance based linear models (DISTLM) were used to estimate the contribution of 
each environmental variable and fisheries data to the variation in the catch rate of each species 
separately.  DISTLM is a statistical tool that tests the explanatory power and significance of 
the community resemblance matrices by independent variables (Mcardle & Anderson, 2001).  
The adjusted r2 (adjusted for sample size effect) of each model was compared to investigate 
the contributions of different variables to the catch rate variability of each species (Peres-Neto 
et al., 2006).  Similarly, redundancy analysis was used to investigate the effect of exploitation 
and temperature on the length-frequency variation of each species.  In this analysis, data 
matrices of species length composition across years were used as the dependent variable, 
while sea surface temperature and commercial fishing landings were used as explanatory 
variables.  Length composition and year-class strength of some fish species  in the region 
have been shown to respond to environmental variables with temporal lags sometimes larger 
than one year (Beentjes & Renwick, 2001; Bull & Livingston, 2001).  Therefore, 0, 1- and 2-
years lag in the temperature data was used in the redundancy analysis, with the explanatory 
fraction from fishing, temperature and its interaction to changes in the length-frequency of 
each species calculated, after Tu et al., (2018).  The models with the largest total adjusted r2 
explaining the most variability in the length-frequency data were then compared between 
species groups with contrasting life history and ecological traits.    
 
6.2.6. The effect of species life history traits 
Differences in depth use and catch rates between the earlier (1992–96) and later 
periods (2012–18) for species in different trophic level groups (smaller than 3.5, 3.5 to 4 and 
larger than 4) were investigated with Wilcoxon’s each pair comparison tests.  Differences in 
the average and distribution of explanation power of fisheries and environmental variables to 
changes in catch rates and length-frequency were tested between species with different life 
history traits with Student’s t and Wilcoxon’s test.  Species were combined in three groups 
according to the value distribution of each trait, resulting in the same number of species in 
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each group.  Traits analyzed in the present study included species trophic level, maximum 
total length and age, as well as mean preferred temperature and its range (Kaschner et al., 
2016).  For consistency, all life history traits were retrieved from Fishbase (Appendix A.6.3, 
Fishbase.org).  When only parametric tests were used to compare groups, assumptions were 
checked by histogram visualization, Shapiro Wilk’s and Levene’s tests.  Statistical analyses 
were undertaken with R 3.6.3 (R Core Team, 2020), JMP 14.0.0 (SAS Institute, 2018) and 


























6.3.1. Species assemblage composition and size structure 
A total of 1011 research survey tows were analyzed, 372 from 1992–96, 276 from 
2007–09 and 363 from 2012–18.  Pooling and analyzing the data into three time periods 
reduced the variability in between year differences and allowed the present study to look at 
long-term trends of catch rates, preferred depth and average total length.  Total catch rates of 
the whole community combined had a significant increase among periods, with average ± SD 
of  990 ± 842, 13 356 ± 977 and 15 250 ± 852 kg.km-2, for 1992–96, 2007–09 and 2012–18, 
respectively (p < 0.0001, Wilcoxon’s test).  Averages of all variables were calculated for each 
species for each period analyzed (Table 6.1).  Dendrograms from the cluster analysis showed 
different relationships among species between time periods.  While seven assemblages were 
identified in 1992–96 and 2007–09, only five could be visualized from the 2012–18 
dendrogram (Figures 6.2 and 6.3).  In general, these groups can be separated into shallow (B, 
D, F and G in 1992–96, A and G in 2007–09 and A in 2012–18), intermediate (E in 1992–96, 
E and F in 2007–09 and D in 2012–18) and deepwater species (A and C in 1992–96, B in 
2007–09 and C in 2012–18), as well as a group with jack mackerels (C in 2007–09 and B in 
2012–18) and groups with blue cod and crested bellow fish (D in 2007–09 and E in 2012–18) 
(Figure 6.2).  While the dendrograms showed shifts in species associations with time, the 
largest difference was the fewer number of clusters in 2012–18 data than in the previous 
periods (Figure 6.2).  Except for blue cod (Parapercis colias, Pinguipedidae), silverside, 
crested bellowfish, hoki (Macruronus novaezelandiae, Merlucciidae), javelinfish, rattails, ling 
(Genypterus blacodes, Ophidiidae), jack mackerels (Trachurus spp, Carangidae), 
leatherjacket (Meuschenia scaber, Monacanthidae), rig (Mustelus lenticulatus, Triakidae), 
common warehou (Seriolella brama, Centrolophidae) and New Zealand sole (Peltorhamphus 
novaezeelandiae, Rhombosoleidae), the other 19 species could be classified as one single fish 
assemblage in 2012–18.  MDS plots were in agreement with the pattern observed in the 
dendrograms, except for the assemblage comprised of blue cod, silverside and crested 
bellowfish in 2012‒18, which would be better classified as species with no assemblage, like 






Table 6.1. Summary of frequency of occurrence (FO, %), average catch rate (CR, kg.km-2), preferred 
depth (PD, meters) and average length (AL, cm) for each species in each one of the three periods.  AL 
from 1992-1996 also included values taken in 1991 
 
 
Significant differences in the community structure between periods were indicated 
from the PERMANOVA analyses, but not from the PERMDISP results (Table 6.2).  The 
same results were obtained when analyses were undertaken for each depth category 
separately, but PERMDISP analysis only showed significant differences between 1992–96 
and 2007–09 for the 100–200 m and between 1992–96 and 2012–18 for the 30–100 m depth 
category (Table 6.2).  The average distance to centroid in the Euclidean space (Bray-Curtis 
similarity data) of the significantly different PERMDISP comparisons indicate a reduction in 
variability of catch rates with time for both 30–100 m (31.5 ± 0.45 to 29.9 ± 0.45, average ± 
SE) and 100–200 m categories (30.6 ± 0.6 to 27.6 ± 0.6). 
    1992-1996 2007-2009 2012-2018 
Species code Common name FO CR PD AL FO CR PD AL FO  CR  PD  AL  
BAR Barracouta 88 480.3 148 53 88 1006.8 95 52 91 1233.1 87 52 
NMP Tarakihi 60 68.5 184 22 57 82.2 79 22 63 93.5 67 23 
GIZ Giant stargazer 79 24.0 180 38 79 29.2 129 39 77 30.6 191 37 
GUR Gurnard 28 13.8 49 36 52 53.6 42 34 60 61.2 42 33 
SPD Spiny dogfish 98 904.1 154 60 100 1245.5 178 55 98 919.3 247 51 
RAT Rattails 34 132.9 179 - 26 52.3 228 - 23 139.9 194 - 
GSH Ghost shark 35 159.7 301 46 51 247.6 271 43 44 611.4 288 49 
SPE Sea perch 66 107.5 104 24 65 100.3 154 24 63 171.4 117 25 
ELE Elephant fish 31 20.1 60 51 41 37.8 61 43 37 167.5 62 55 
RCO Red cod 79 383.1 195 39 63 149.0 235 40 58 179.7 195 36 
LIN Ling 66 35.5 329 60 46 19.2 339 52 38 19.3 347 58 
JMM Slender jack mackerel 45 31.4 125 48 9 2.5 110 50 7 0.7 192 47 
JMD Greenback jack mackerel 30 6.1 37 44 18 2.1 106 45 22 2.6 140 40 
JMN Yellowtail jack mackerel 10 5.0 69 43 3 0.2 41 37 1 0.0 65 40 
BCO Blue cod 13 4.7 84 35 21 4.0 108 33 24 9.1 86 31 
CBE Crested bellowsfish 13 19.7 133 - 20 14.9 146 - 28 77.2 130 - 
HAP Hapuku 30 4.8 194 58 41 7.7 180 57 35 9.1 195 60 
LSO Lemon sole 41 3.3 130 27 39 3.7 67 26 50 3.8 217 26 
SPO Rig 23 2.2 102 66 21 6.7 76 74 23 5.7 68 66 
JAV Javelin fish 4 1.1 367 - 7 6.7 362 - 7 12.1 319 - 
ESO New Zealand sole 5 0.3 53 27 8 0.2 43 25 5 0.3 39 23 
SSI Silverside 6 0.2 236 - 21 1.1 224 - 35 2.3 318 - 
HOK Hoki 11 17.7 362 59 9 38.0 323 52 11 18.0 272 44 
WAR Common warehou 15 7.1 106 30 21 32.9 123 31 14 4.2 219 24 
LEA Leatherjacket 5 1.0 77 25 11 4.9 37 21 15 11.3 34 23 
CAR Carpet shark 54 28.8 124 - 84 46.1 129 - 84 49.7 121 - 
SSK Smooth skate 39 19.6 164 93 53 30.3 198 46 48 33.0 190 58 
RSK Rough skate 35 14.1 201 52 50 34.3 87 48 58 41.6 129 49 
NOS Arrow squid 93 72.7 283 26 91 60.6 273 - 89 65.7 323 19 
SWA Silver warehou 45 11.2 283 24 57 27.7 259 26 48 20.2 230 25 
WIT Witch 75 20.2 235 - 79 25.9 164 - 85 54.9 218 - 
SCH School shark 36 7.9 103 72 42 14.9 79 74 52 15.7 146 69 
SCG Scaly gurnard 49 7.8 123 - 68 39.2 124 - 69 27.8 121 - 
 
180 
Figure 6.2. Dendrograms from hierarchical cluster analysis of species catch rates in the whole study 
region for the different year periods of 1992-1996, 2007-2009 and 2012-2018. Clusters were based on 
Bray-Curtis similarities of catch rates (kg.km-2) between species.  Species codes can be found in Table 

































Figure 6.3. Non-metric multi-dimensional scaling plots of Bray-Curtis similarity resemblance matrices 
between species for each period analyzed.  Groups identified in Figure 6.2 are depicted inside shapes 




Table 6.2. Results from between-periods pairwise PERMANOVA and PERMDISP analysis of the 
community composition for the whole region and at different depth categories 
 
 
Preferred depth (161.7 ± 91.6, 147.4 ± 90.7 and 164.3 ± 89.4 m, average ± SD) and 
depth range (170.1 ± 117, 156.5 ± 111.8 and 187.4 ± 98.1 m) of the whole community were 
not significantly different between the three time periods (1992–96, 2007–09 and 2012–18) at 
p < 0.05 (Wilcoxon’s test), respectively.  On the other hand, several fishes had changes in 
preferred depth between the periods analyzed, but because of the nature of the data (LOESS 
regression estimates), they were not statistically tested.  While greenback jack mackerel 
(Trachurus declivis), school shark (Galeorhinus galeus, Triakidae), common warehou, 
slender jack mackerel (Trachurus murphyi) and spiny dogfish showed an increase in 
occurrence in deeper habitats, New Zealand sole, leatherjacket, rig, barracouta (Thyrsites 
atun, Gempylidae) and tarakihi displayed a shift to shallower waters (Figure 6.4).  Species 
showed a wide range in minimum and maximum depth of occurrence, which varied among 
periods.  Greenback jack mackerel, school shark, common warehou, crested bellowfish, 
silverside and hoki had expanded their depth range, while leatherjacket and tarakihi showed a 










All 1992-1996 - 2007-2009 48.98*** 0.82 
1992-1996 - 2012-2018 48.18*** 0.94 
2007-2009 - 2012-2018 50.92** 0.08 
30–100 1992-1996 - 2007-2009 54.35*** 1.30 
1992-1996 - 2012-2018 53.73*** 2.47* 
2007-2009 - 2012-2018 56.97** 1.03 
100–200 1992-1996 - 2007-2009 55.08*** 3.33** 
1992-1996 - 2012-2018 53.07*** 1.75 
2007-2009 - 2012-2018 59.24** 1.96 
200–400 1992-1996 - 2007-2009 56.1** 0.42 
1992-1996 - 2012-2018 55.50*** 1.47 
2007-2009 - 2012-2018 57.68** 0.98 
* indicates 0.05 (*), 0.005 (**) and 0.0005 (***) levels of significance  
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Figure 6.4. Range and preferred depth (horizontal line) values between periods analyzed for 15 fish 
species with the largest differences between periods.  Crosses mark the average between minimum 
(5% of cumulative catch), maximum (95% of cumulative catch) and preferred depth (50% of 






To investigate if changes in preferred depth were related to shifts in the distribution or 
in the relative abundance of each species at depth, differences in average catch rates between 
periods were tested for each species at each depth group.  Common warehou, New Zealand 
sole, crested bellowfish and hoki had no significant increase in catch rates between periods 
for all depths analyzed.  All jack mackerel species had significant declines in catch rates with 
time, in the 30–100 m (greenback, slender and yellowtail jack mackerels), 100–200 m 
(slender and yellowtail jack mackerels) and 200–400 m categories (slender jack mackerel) 
(Table 6.3).  In contrast, school shark and tarakihi displayed an increase in catch rates in the 
100–200 m depth category, with no long-term changes in other depths.  Catch rates at 30–100 
m depth for rig, leatherjacket, barracouta and silverside showed an increase between the 
periods analyzed, with barracouta and silverside also showing significant increases in relative 
abundance at 100–200 m and 200–400 m (silverside only).  Spiny dogfish displayed an 
increase in relative abundance between 1992–96 and 2007–09 at 30–100 m but had a 
significant decrease in catch rates at 100–200 m and an increase at 200–400 m (Table 6.3).  
Red cod relative abundance was estimated to have decreased by 10-fold at 30–100 m between 
the periods analyzed, from an average of 460 kg.km-2 in 1992–96 to 45 kg.km-2 in 2012–18.  
Both skate species, rough (Zearaja nasuta, Rajidae) and smooth skate (Dipturus innominatus, 
Rajidae) showed an increase in relative abundance between periods at 30–100 m (rough skate 
only), 100–200 m and 200–400 m (smooth skate only).  A similar pattern was also displayed 
by dark ghost shark, with a five thousand percent and a 4-fold increase in relative abundance 
between periods at 100–200 m and 200–400 m, respectively (Table 6.3). 
The average total length of the whole fish community (25 species combined) did not 
vary significantly between periods, with averages ± standard deviation of 45.3 ± 17.6, 42 ± 
14.65 and 41.73 ± 14.72 cm, for 1992-06, 2007–09 and 2012–18, respectively (ANOVA, df 
(2,74) = 0.4, p = 0.69).  Most species analyzed had similar size distributions among periods, 
with only changes in relative abundance and hence population numbers.  In contrast, elephant 
fish showed an increase in abundance of specimens smaller than 45 cm in 2007–09, while 
individuals over 55 cm dominated the catches in 2012–18 (Figure 6.5).  The increase in the 
dominance of larger individuals in 2012–18 was also seen for ghost shark (Figure 6.5), while 
hoki and common warehou had a decrease in abundance of individuals larger than 40 and 30 






Table 6.3. Average catch rate (kg.km-2) ± SE for each species at specific depth groups (30–100, 100–
200 and 200–400 m) for each period analyzed (1992–96, 2007–09 and 2012–18).  Periods separated 




















¹Significance in B calculated between A and B or in C calculated between B and C 
* indicates 0.05 (*), 0.005 (**) and 0.0005 (***) levels of significance 
 
Species Depth group 92-96 07-09 12-18 
Leatherjacket 30‒100 2 ± 4 A*** 10 ± 4 A* 22 ± 4 B 
Gurnard 28 ± 13 A 103 ± 15 B*** 116 ± 13 B*** 
Slender jack mackerel 10 ± 3 A 0.4 ± 4 AB 0.1 ± 3 B* 
Rig 4 ± 2 A 12 ± 2 B* 10 ± 2 B* 
Scaly gurnard¹ 4 ± 2 A 22 ± 3 B*** 22 ± 2 B*** 
School shark 10 ± 2 A** 21 ± 2 B 12 ± 2 A* 
Yellowtail jack mackerel 20 ± 5 A 0.4 ± 6 B* 1 ± 5 B* 
Greenback jack mackerel 10 ± 2 A 2 ± 3 B* 3 ± 2 B* 
Silverside¹ <0.1 ± 0.1 A 0.1 ± 0.1 AB 0.4 ± 0.1 B* 
Rough skate 24 ± 7 A 60 ± 8 B** 66 ± 7 B*** 
Barracouta 600 ± 159 A 1406 ± 183 B*** 1725 ± 159 B*** 
Silver warehou 1 ± 1 A 3 ± 1 B* 3 ± 1 B** 
Red cod 460 ± 105 A 69 ± 121 B* 45 ± 105 B* 
Spiny dogfish 868 ± 212 A 1531 ± 245 B* 1106 ± 212 AB 
Gurnard 100‒200 0.1 ± 1 A 2 ± 1 AB 4 ± 1 B** 
Elephant fish 1 ± 7 A 6 ± 8 AB 22 ± 7 B* 
Slender jack mackerel 1 ± 0.2 A <0.1 ± 0.3 AB <0.1 ± 0.2 B* 
Blue cod 1.4 ± 2 A 7 ± 2 AB 9 ± 2 B* 
Scaly gurnard 18 ± 11 A 84 ± 12 B*** 48 ± 11 C* 
School shark 9 ± 5 A 13 ± 6 AB 27 ± 5 B* 
Tarakihi 18 ± 29 A 40 ± 34 AB 110 ± 29 B* 
Yellowtail jack mackerel 62 ± 16 A 7 ± 19 B* 1 ± 16 B* 
Silverside¹ 0.3 ± 0.4 A 2 ± 1 B* 4 ± 0.4 C** 
Giant Stargazer 31 ± 5 A 50 ± 5 B* 41 ± 5 AB 
Smooth skate 14 ± 7 A 45 ± 8 B** 40 ± 7 B* 
Rough skate 6 ± 3 A** 9 ± 4 A** 20 ± 3 B 
Barracouta 510 ± 103 A 851 ± 119 B* 974 ± 102 B** 
Witch 25 ± 17 A*** 57 ± 20 A* 112 ± 17 B 
Spiny dogfish 1268 ± 200 A 973 ± 232 AB 484 ± 199 B* 
Sea perch 177 ± 73 A 224 ± 85 AB 391 ± 73 B* 
Hapuka 5 ± 2 A 9 ± 2 AB 12 ± 2 B** 
Ghost shark 18 ± 110 A*** 393 ± 128 A** 893 ± 109 B 
Yellowtail jack mackerel 200‒400 4 ± 1 A <0.1 ± 2  B* 0.1 ± 2 B** 
Lemon sole 1 ± 1 A* 0.4 ± 1 A* 4 ± 1 B 
Silverside¹ 0.3 ± 1 A 3 ± 1 AB 5 ± 1 B*** 
Smooth skate 9 ± 7 A 25 ± 9 AB 32 ± 8 B* 
Rough skate 1 ± 1 A 4 ± 1 AB 5 ± 1 B* 
Silver warehou 54 ± 28 AB 140 ± 33 A 43 ± 31 B* 
Witch 39 ± 12 A* 13 ± 14 A*** 86 ± 13 B 
Spiny dogfish 275 ± 235 A 892 ± 280 AB 1305 ± 259 B** 
Ghost shark 578 ± 264 A*** 689 ± 314 A** 2149 ± 291 B 
Hoki 107 ± 36 A 244 ± 43 B* 130 ± 40 AB 
Javelinfish 7 ± 18 A 43 ± 21 AB 88 ± 19 B** 
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Figure 6.5. Average scaled population numbers of elephant fish (a) and dark ghost shark (b) for the 
three time periods analyzed, 1991-1996, 2007-2009 and 2012-2018 
 
6.3.2. Trophic level composition of the fish community 
The average trophic level of the community caught in 1992–96 was higher compared 
to 2012–18 for all the depths analyzed.  Turkey-Kramer tests showed significant differences 





category, between 1992–96 and the two most recent periods in the 30–100 m and between 
1992–96 and 2012–18 in the 200–400 m category (p < 0.05, Figure 6.6). 
 
Figure 6.6. Weighted average trophic level of each tow between 1992 and 2018 for different depth 
categories.  Size of the dots represent total catch rate in that trawl station for 31 species of fish 
combined, except rattails, ranging from 11 to 36885 kg.km-2.  Lines are linear fits with shaded 95% 
confidence interval.  The averages ± standard error of the weighted average trophic levels for 1992–
96, 2007–09 and 2012–18 were of 4.07 ± 0.01, 3.97 ± 0.01 and 3.93 ± 0.01 for 30–100 m, 4.09 ± 0.01, 
3.94 ± 0.02 and 3.88 ± 0.01 for 100–200 m and 4.02 ± 0.03, 4 ± 0.04 and 3.91 ± 0.03 for 200–400 m, 
respectively 
 
6.3.3. The effect of fisheries and environmental variables 
 Fisheries and environmental variables used in the present study did not present large 
correlations with catch rates as estimated from the adjusted r2.  Temperature, sediment type 
and fishing accounted together for only 0.2 to 7% of the variability in catch rates of the 
species analyzed (average ± SE of 2.6 ± 0.3%).  Temperature and fishing pressure explained 
most of this variation (0.9 ± 0.1% for both), followed by sediment (0.8 ± 0.1%).  In contrast, 
fishing pressure explained nearly 10% of the variation in the length-frequency of the species 
analyzed (9.6 ± 0.03%), compared to 8% for temperature (8.2 ± 1.1%) and their interaction (6 















Figure 6.7. Boxplot of adjusted r2 values 
from distance based linear models and 
redundancy analysis of fishing and 
environmental variables explaining the 
long-term variability in catch rates (a) 
and length-frequency (b) of commercial 
fish species along the east coast of the 
South Island.  Outliers represented as 
dots. Note the different y-axes scales 
  
 
6.3.4. The effect of species life history traits and habitat use 
When species were combined into trophic level groups, species with trophic level 
between 3.5 and 4 showed a significantly higher increase in average transformed catch rates 
in the region between 1992–96 and 2012–18, compared to fishes with a trophic level lower 
than 3.5 (average ± SE of 0.7 ± 0.18 versus 0.04 ± 0.23, p = 0.045, Wilcoxon’s test) and a 
trophic level higher than 4 (0.07 ± 0.12, p = 0.015, Wilcoxon’s test).  Significant differences 
in depth use for fishes at different trophic level groups were not found. 
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The explanatory power (adjusted r2) of fisheries, temperature, and sediment on catch 
rate variability did not vary significantly with species trophic level.  On the other hand, when 
fishes were grouped by preferred temperature (lower than 11.2, 11.2 to 13.5 and higher than 
13.5˚C), fishes with an average preferred temperature higher than 13.5˚C had a higher average 
proportion of their catch rate variability explained by fisheries (average ± SE of 1.3 ± 0.3%) 
than fishes in the lower preferred temperature group (0.2 ± 0.3%, p = 0.034, Student’s t each 
pair comparison test) (Figure 6.8), although adjusted r2 distributions were not significantly 
different among groups (Wilcoxon’s test, p = 0.1).  Species grouped according to maximum 
length (smaller than 55, 55 to 100 and larger than 100 cm), age groups (less than 15, between 
15 and 25 and more than 25 years) or range of preferred temperature (lower than 6.5, 6.5 to 8 
and higher than 8˚C) did not present significant differences in catch rate variability explained 
by fisheries, temperature or sediment type.   
Figure 6.8. Explanatory power of temperature, sediment and fishing on the variation of relative 
abundance of species in different mean preferred temperature groups, estimated through the adjusted r2 




Although species with higher trophic level showed a larger average decrease in total 
length between 1992–96 and 2012–18, differences between groups were not significant 
(average ± SD of -1.01 ± 2.08 cm for trophic levels lower than 3.5, -1.85 ± 3.54 cm for 
trophic levels between 3.5 and 4, and -7.32 ± 11.5 cm for trophic levels higher than 4, p = 
0.55, Wilcoxon’s test).  These differences were mainly due to a large decrease in average 
length of spiny dogfish, hoki and smooth skate.  Length-frequency of species with a trophic 
level between 3.5 and 4 presented a higher mean adjusted r2 from fishing than lower and 
higher trophic level species, with an average ± SE of 21.3 ± 4% compared to 3.5 ± 4.2 and 4.8 
± 3.9%, respectively (p < 0.007, Student’s t-test) (Figure 6.9).  Significant results were also 
found for the distribution of adjusted r2 from fishing between trophic level groups of 3.5-4 and 
lower than 3.5 (p = 0.049).  Significant differences between the contribution of temperature, 
fishing or their interaction and any other life history trait were not found.  
Figure 6.9. Explanatory power of fishing, temperature and their interaction on the variation in the 









 The results of the present study demonstrate that length-frequency distributions of 
individual species and the structure of the fish community off the east coast of the South 
Island have gone through some changes between the periods analyzed.  Overall shifts in depth 
use and length-frequency were not expressed at the community level, while the observed 
trends were largely not correlated with fishing or the environmental variables tested. 
 Cluster analyses from a previous study in the region over the 1992–96 period 
corroborate results of the present study, with species grouped in assemblages and separated 
mainly by depth use (Beentjes et al., 2002).  In that study, the fish assemblages between 30 
and 400 meters of depth were found to have high distributional overlap, which has increased 
over time based on the present study.  While the identification of species associations can be 
useful information for the management of multispecies fisheries, the lack of structure and 
stability through time can make both single and multispecies management difficult in the 
region (Mahon et al., 1998).  Many species previously categorized in shallow and deepwater 
groups were classified in the “intermediate depth” group in 2012–18.  PERMANOVA results 
indicated a significant change in the community structure between periods, for the whole 
region and at specific depth groups (see Figures 6.2 and 6.3).  From the lack of significance 
from PERMDISP results, the differences observed between periods were due to location 
changes in the multivariate space.  This result can be attributed to changes in absolute catch 
rates of each species, instead of shifts in the variability of catch rates between tows at each 
period.  In fact, 17 species displayed significant changes in catch rates in at least one depth 
group (Table 6.3).  Conversely, PERMDISP showed a significant decrease in catch rate 
variability at 30–100 and 100–200 m between 1992-06 and the periods of 2012–18 and 2007–
09, respectively.  The decrease in catch rate variability could indicate a more stable and less 
impacted community with a more homogeneous distribution throughout the seascape (Hsieh 
et al., 2006; Warwick & Clarke, 1993), which is related to the large increase in the relative 
abundance of several species in recent periods, such as ghost shark, barracouta and spiny 
dogfish.  Although the ecological consequences of these changes are still unclear, 
homogenization of marine fish communities has been previously linked to human activities 
and ocean warming, with consequences to ecosystem function (Magurran et al., 2015; Safiq et 
al., 2018).  Therefore, the results highlight the importance of ongoing, long-term, fisheries-
independent surveys to study the composition of exploited communities. 
 Common warehou, New Zealand sole, crested bellowfish and hoki were the only 
species with identified changes in depth use that were not related to changes in relative 
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abundance at different depths.  While New Zealand sole and hoki were found in shallower 
habitats, common warehou and crested bellowfish were distributed along a larger range of 
depth in the most recent periods.  The present study was not designed to investigate the 
mechanisms driving those changes, but because New Zealand sole and hoki inhabit coastal 
and deep waters (Roberts et al., 2015), these results suggest a gradual expansion and 
retraction of their distribution, respectively, inside the study region over time. 
Trophic level composition of the fish community was observed to be decreasing over 
time in all depth categories analyzed, indicating that higher trophic level species are becoming 
relatively less abundant in the region.  Although temporal changes in the trophic architecture 
of fish communities have been demonstrated worldwide (Caddy & Garibaldi, 2000; Durante 
et al., 2020a; Pauly et al., 1998), this is the first time that fisheries-independent data, which 
are relatively free of the biases of commercial catch reporting records, have been used to 
resolve these patterns in New Zealand.  Using reported commercial landings data, Durante et 
al., (2020a) demonstrated that New Zealand exploited fish communities have undergone a 
decrease in mean trophic level of species composition after the full expansion of New Zealand 
fisheries around the year 2000 (see Chapter 1).  The results from the present study corroborate 
those findings, indicating that the decrease in the mean trophic level of the fish community is 
not just a function of the expansion of fishery grounds or market demands, but changes in 
community composition.  By selectively removing large predators through fisheries (Pauly et 
al., 1998), smaller species could have been released from predation, which in turn could 
control the abundance of small individuals of the predator species, both through predation and 
competition, hampering its recovery (Bundy & Fanning, 2005).  Ultimately, reduced trophic 
level composition of the community could lead to an increase in overall abundance and 
catches of lower trophic level species (Pinnegar et al., 2002), as seen in the present study.  
In open systems, such as most of the marine environments, it is hard to pinpoint the 
specific stressors driving changes in the species composition of communities.  Matching 
temporal events, such as the start of commercial fisheries, is one way to estimate the effects of 
specific stressors (Ward & Myers, 2005).  The first period of sampling in 1992–96 occurred 
just before the full expansion of New Zealand industrialized fisheries, around the year 2000 
(Durante et al., 2020a).  The results indicated that the relative abundance of species feeding at 
intermediate trophic level (3.5 to 4) have increased since 1992–96, and there were no long-
term decreases in average catch rates for any of the species analyzed, except for jack 
mackerels and red cod.  Red cod is an important predator and prey species in the region, 
preying on 28 other fishes including juveniles of high trophic level species such as skates and 
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sharks, and is characterized as the most generalist predator of this community (Graham, 
1939).  Conversely, ghost shark (100-400 m), spiny dogfish (200–400 m) and barracouta (30-
200 m), which feed mainly on crustaceans, bivalves, salps, echinoderms and a small 
percentage of teleosts (Hanchet, 1991; Stevens et al., 2011) had large increases in catch rates 
between periods.  Red cod are a short-lived, fast-growing species prone to high mortality and 
recruitment variably with highly fluctuating interannual abundance (Beentjes & Renwick, 
2001).  The decrease in abundance of red cod evidenced in the present study could have 
contributed to reduced predation on mid trophic level species in the region, especially 
juveniles, resulting in an increased abundance of intermediate trophic level species (Myers et 
al., 2007).  Durant & Hjermann, (2017) have demonstrated that fish populations in high 
latitudes depend relatively more on age structure for recruitment in warmer conditions, which 
can be easily impacted by fisheries activities.  The average temperature in the study region is 
known to have increased in the past century (Shears & Bowen, 2017) and this may have 
affected the recruitment of red cod (Beentjes & Renwick, 2001), contributing to its reduced 
abundance observed in the present study.  The large increase in abundance of spiny dogfish, 
barracouta and ghost shark over the years evidenced in the present study and by MacGibbon 
et al., (2019), could also have contributed to the changes in the predator/prey dynamic in the 
region, impairing the recruitment of other species, such as red cod.  Although it is challenging 
to identify the drivers and mechanisms of the changes observed here, environmental and 
ecological processes are likely to play important synergetic roles.    
NIWA’s trawl survey dataset limits the analyses to the past 28 years.  The fish 
community could have experienced more dramatic changes in composition and abundance in 
previous years, especially in the period between 1970 and 1992 when industrialized fishing 
was expanding rapidly across different environments (Durante et al., 2020a).  Earlier trawl 
surveys and historical fisheries data from the east coast of the South Island indicate that fish 
communities were more heavily exploited during the 1970s and 1980s when compared to the 
present, especially by international fishing fleets (Fenaughty & Bagley, 1981).  Both total 
biomass and individual mean mass of high trophic level species were found to have decreased 
to 13 and 50 percent respectively after industrialized fisheries activities in the tropical Pacific 
Ocean, followed by an increase in abundance of smaller and macropredator species (Ward & 
Myers, 2005).  The predicted changes in community composition off east coast South Island 
before 1992 would likely be related to the reduction in the abundance of coastal top predators, 
with more dramatic effects on the community dynamic than the changes reported in the 
present study (Hill et al., 2020; Thurstan et al., 2010).   
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Data from the temperature, sediment type and fishing pressure did not covary with the 
catch rates of the fish species, in line with previous investigations (Beentjes et al., 2002).  
Fishes with higher preferred temperatures had a significantly higher proportion of their 
abundance explained by fisheries activities, estimated from the adjusted r2 (Figure 6.8).  
Several species such as gurnard, tarakihi, New Zealand sole, mackerels and rig present high 
preferred temperature and are heavily targeted by fisheries, explaining the trends observed.  
These results could also be related to the higher commercial catches of fish in the northern, 
warmer region of the study area (Appendix A.6.1).  The results did not corroborate findings of  
Perry, (2005) that larger shifts in latitudinal and depth distribution due to temperature 
occurred for species with reduced maximum length.  These differences could be related to a 
larger number of species analyzed from a larger area (North Sea) with fewer gaps in the time 
series data in the study by Perry, (2005) compared to the present one. 
  The average fish length among all species showed a small but statistically non-
significant decrease with time, with species at higher trophic levels displaying the largest 
average changes.  Size variation was better explained by fisheries activities, especially for 
species at intermediate trophic levels.  Truncated length distributions, resulting in reduced 
numbers of large fish, can have a strong impact on the abundance of fish populations.  For 
example, computational models have shown that reduced size-at-age for ling and tarakihi 
resulted in reduced relative biomass, fisheries catches, and increased predation mortality, with 
larger effects during scenarios of higher mortality rates due to fisheries (Audzijonyte et al., 
2013).  This pattern was not observed in the studied community, since most species presented 
an increased abundance over time, coupled with a non-significant decrease in average length.  
In the present study, data from fisheries activities showed a higher correlation with the length-
frequency variation of species at intermediate trophic levels.  With the decline of large 
predators, lower trophic level species have become the focus of industrialized fisheries 
worldwide (Jackson, 2001; Pauly et al., 1998; Wing & Wing, 2001), which could explain the 
patterns observed in the present study. 
Fisheries New Zealand provided commercial landings from inside the study region for 
all species analyzed in the present study.  The dataset has an inherently low resolution of 
catches, but these are the only available data with which to compare commercial catches 
inside the east coast of the South Island for all species analyzed in the present study, since the 
size of Fishery Management Areas vary significantly between species (Fisheries New 
Zealand, 2019).   
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Although previous studies have shown that fishing and temperature effects have 
different impacts on species from different habitats (Tu et al., 2018), the community analyzed 
in the present study was mainly comprised of demersal species, therefore, comparisons of the 
results between species from distinct habitats were not possible.  Furthermore, as stated by Tu 
et al., (2018), the analytical methods used in the present study still assumes linear responses 
of composition and size structure to the independent variables (fishing and environmental), 
which is also acknowledged here.  Although this might have affected some of the present 
results, this is an important step in understanding the effects of fishing and environmental 
variables on the local exploited fish community.  Furthermore, although the trophic level of 
fish species have likely varied between the periods analyzed here (see Chapter 5), and are 
probably not well represented by values from Fishbase (Pinkerton et al., 2015a), the use of 
average trophic level was only used as a tool to compare changes in community composition 
through time.  
It was demonstrated in the present study that changes in the community composition 
and size structure of a commercially important fish community has experienced shifts in the 
past 28 years.  Although these changes were species-specific, they resulted in overall larger 
catch rates and reduced trophic level composition of the community.  Assemblages were 
observed to be more homogenized in space in the most recent periods, but this might be the 
result of increased abundance, and therefore larger distributions of several species.  Small 
changes in species average length, as well as a generally stable or increasing catch rates 
through time for most species, could indicate a current stable community, although 
compositional and length-frequency shifts before fisheries industrialization (in the 1970s) 
could have been more dramatic.  The explanatory power of fishing pressure and 
environmental variables was small but varied for species at different trophic levels and those 
species more heavily exploited.  The present analysis is the first to investigate long-term 
changes in the composition and length-frequency of the fish community in the east coast of 
the South Island of New Zealand.  How these shifts can be species-specific and affect species 
feeding at different trophic levels was highlighted.  Understanding long-term shifts in the 
composition of important exploited communities is an important step towards the multi-
species management of fisheries and the implementation of ecosystem-based management in 







The management of fisheries resources is moving towards an ecosystem-based 
approach worldwide, but this process has been slow and with few successful case studies 
(Pitcher et al., 2009; Wing & Jack, 2014).  While most managers and researchers agree on the 
potential benefits of this management approach, practical baseline knowledge for its 
implementation is still missing in many places (Edwards et al., 2010).  Although trophic 
structure and food web stability are considered important to the resilience of healthy marine 
ecosystems (Gutiérrez, 2007; Thrush & Dayton, 2010), there is still a lack of long-term 
studies investigating the variability of trophic ecology in marine communities, including 
exploited ones.  Furthermore, the shifting baseline syndrome of fisheries has been shown to 
contribute to the lack of sustainability of commercial fisheries, even under standardized 
approaches such as the maximum sustainable yield of single species/stocks (Pauly, 1995).  
Long-term information on the impacts of fisheries activities and the trophic structure of fish 
communities is important for understanding the current ecological status and effective 
implementation of ecosystem-based management of fishery resources.  The present thesis has 
uncovered some of the variability in the trophic structure of exploited fishes along the east 
coast of the South Island of New Zealand.  Resource use and trophic levels of fish species 
presented regional and temporal variability, which in some cases corresponded to contrasting 
commercial landings and catch per unit of effort (CPUE) in the most recent years.  The niche 
breadth of the exploited community also varied in space (between Otago and Kaikoura) and 
time (before and after the expansion of New Zealand fisheries), but only a few species were 
responsible for those changes.  These ecological shifts were correlated with both natural and 
anthropogenic factors, that had different effects on communities from distinct marine habitats.   
Throughout the present study, literature reviews, meta-analyses, oceanographic 
surveys, and lab experiments were undertaken to generate baseline information on the 
ecology of the exploited fish communities.  It was imperative to understand the history of 
fisheries in New Zealand and how they interacted with different fish communities throughout 
the history of exploitation.  Understanding the distribution of isotope values of different basal 
organic matter sources was also essential for the estimation of trophic parameters used in the 
current thesis.  Similarly, to study long-term changes in the ecology of fishes, the 
development of a method to access the isotopic values from muscle tissues stored in museum 
collections was necessary to resolve trophic structure changes over time. 
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By retrieving values of reported commercial fisheries landings and combining these 
data by species it was possible to demonstrate how fishing activities have expanded in the 
New Zealand Exclusive Economic Zone.  While inshore species have been exploited since the 
start of the datasets (1931), offshore and deep-water species only started to be extensively 
fished between 1970 and 1980.  It was demonstrated that the Marine Trophic Index (MTI) of 
the catch can represent differences in species composition and the type of habitat exploited.  
Exploitation impacted different habitats and species in contrasting ways, which was further 
investigated using an isotopic ecology approach.  After the full expansion of fisheries in New 
Zealand, MTI and landing values decreased and stabilized, a trend also observed in other 
fishing grounds with less adaptable management approaches.  
 The analysis of the natural distribution of isotopes is a powerful tool for investigating 
ecological interactions in aquatic systems, but isotope values representing the basal organic 
matter source supporting the food web must be known for the estimation of trophic 
parameters.  In the study region, δ15N and δ13C values of suspended particulate organic matter 
(SPOM) were related to processes such as continental runoff, water mass mixing and the 
northward transport of Subtropical Water along the coast.  High variability in isotope values 
was identified at surface and maximum fluorescence depth, especially south of Akaroa.  
Using carbon to nitrogen (C:N) and nitrate to phosphate ratios, a subset of samples 
representing new phytoplankton production south of Akaroa was identified.  Averages of δ13C 
and δ15N of SPOM were calculated for important fishery management areas and at depth.  
δ13C and δ15N values of the most abundant macroalgae species were also calculated from 
samples taken from sites in Otago and Kaikoura, showing almost no variation between sites 
compared to SPOM.  SPOM and macroalgae represented the two most important basal 
organic matter sources in the region, used as sources of basal organic matter for the study of 
the local food-webs.   
Using these basal organic matter sources and applying an isotopic mixing model 
approach, it was demonstrated that the resource use and trophic positions occupied by each 
fish species varied along the coast and between different habitats.  Community-wide metrics 
also differed between the two most important regions sampled, Otago and Kaikoura.  The fish 
community from Kaikoura had less trophic overlap and higher resource use variability, with 
species relying more heavily on pelagic production and occupying higher trophic positions.  
These regional differences were linked to smaller fishery yields and CPUE in Kaikoura when 
compared to Otago.  While these results could correspond to natural differences in the isotope 
values and trophic structure of the exploited community, some of the results could also be 
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linked to habitat degradation and loss of connectivity due to fisheries activities and the 
Kaikoura earthquake in 2016.  The observed patterns were most pronounced for tarakihi 
(Nemadactylus macropterus, Cheilodactylidae), a commercially important fish that feeds on 
benthic invertebrates and have shown small spawning biomass and high fishing mortality in 
the study region since the year 2000 (Fisheries New Zealand, 2019). 
To investigate long-term changes in the trophic structure of the fish community, fishes 
collected in the past century and preserved by the Otago Museum and the Museum of New 
Zealand Te Papa Tongarewa were used.  Using meta-analysis and laboratory experiments, it 
was demonstrated that fixation by formalin, followed by preservation in ethanol or 
isopropanol (standard procedure in museum collections) predictably affected the bulk isotope 
values (δ13CBulk and δ
15NBulk) in fish muscle tissue.  These effects could be corrected with an 
arithmetic equation as a function of C:N and the proportion of nitrogen in the muscle tissue, 
making it possible to retrieve isotopic data from fishes in museums’ wet collections.  
Furthermore, isotopes of specific amino acids were also shown not to vary with preservation 
(δ13CAA) or to vary in an expected way (δ
15NAA), allowing for estimation of trophic level.  
Trophic level estimated from bulk muscle tissue and specific amino acids generally agreed, 
suggesting accuracy from both methodologies.   
By correcting the effects of preservation, long-term changes in the trophic structure of 
the fish communities could be investigated based on isotopic ecology.  Specimens collected 
after the expansion of industrialized fisheries in New Zealand tended to be relying more 
heavily on pelagic production and feeding at a higher trophic level than museum samples 
collected before 1996.  These shifts occurred mainly for species with broader diets inhabiting 
the outer shelf and slope.  Community niche breadth was observed to be larger for modern 
samples, mainly due to higher resource use diversity seen for tarakihi, red cod (Pseudophycis 
bachus, Moridae), ling (Genypterus blacodes, Ophidiidae) and spiny dogfish (Squalus 
acanthias, Squalidae).  Estimating the absolute values of trophic position for each species was 
not an aim of the present study, alternatively, estimates were used to compare the trophic 
structure of the fish communities along the coast and over time, with specific methods 
attributed to each chapter.  Therefore, although the results and implications of different 
chapters can be discussed altogether, specific values of trophic parameters varied, mainly due 
to different values of trophic fractionation applied.  These differences were necessary due to 
the contrasting amount of data, species with different diets and the inclusion of isotope 
analysis of specific amino acids in the long-term analysis of trophic parameters. 
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Results from regional and temporal shifts in the trophic parameters of the fish 
community were very similar, with most of the variation in trophic structure and niche 
breadth observed between Kaikoura and Otago also identified between historical and modern 
samples.  While the drivers of those changes could not be indicated in the regional 
comparison, present and modern samples were collected before and after the full expansion of 
New Zealand’s industrialized fisheries.  Therefore, the observed pattern suggests that 
differences in the trophic structure of the exploited fish community between Kaikoura and 
Otago were likely linked to fisheries activities, as seen for the temporal analysis, although 
other environmental drivers cannot be ruled out.  To incorporate samples along the whole 
study region, modern specimens used in the temporal analysis of trophic parameters included 
those used in the regional investigations.  This could have favored the similarity between the 
results, indicating that there were no regional differences in trophic structure identified from 
historical samples, only from modern ones.  Although the latter is true, the Bayesian approach 
used in the present study generates credible intervals related to the variability in the δ13C and 
δ15N values of populations and communities, therefore it is not biased towards extreme 
values, being suitable for this type of analysis (Jackson et al., 2011).  Furthermore, specimens 
analyzed in the long-term investigations of trophic parameters were collected throughout the 
same range of latitude for both historical and modern groups, limiting latitudinal effects. 
The comparisons made here indicated that fisheries activities had a large impact on the 
trophic parameters of the fish community, but linear models suggested relationships between 
fisheries activities and trophic parameters throughout the years were only significant for inner 
shelf species.  Environmental variation and prey abundance were the factors influencing the 
same parameters for the outer shelf and slope assemblages.  The contrasting results obtained 
by between-period comparison and by linear models represent the complexity of the system 
studied, as well as the different scales of each approach.  Linear models allowed the present 
study to evaluate higher-frequency changes in trophic parameters, at the cost of grouping 
species into assemblages.  For example, while outer shelf and slope assemblages showed the 
largest differences in resource use, trophic level and niche breadth after the full expansion of 
fisheries, high-frequency changes of the same factors were only attributed to prey abundance 
and environmental variability.  These variables could also have influenced the between-year 
differences in the trophic parameters of blue cod and sea perch found in the most recent 
sampling period.  This is the first time that the variability in the abundance of Munida 
(Munida gregaria, Munididae) was observed to influence the trophic parameters of fish 
assemblages, highlighting the importance of the understanding of ecosystem processes to the 
management of fisheries resources.  In contrast, inner shelf species did not show any major 
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changes in their trophic structure between periods, but it was the only assemblage to show 
significant linear relationships with MTI values.  The observed pattern is interesting, but not 
surprising, since coastal fish communities have been under the largest amount of pressure 
from fisheries activities, evidenced from the analyses of fisheries data.  Previous studies have 
also demonstrated that coastal fish communities have shown clear changes in the 
composition, abundance and trophic relationships worldwide (Jackson, 2001; Myers et al., 
2007; Myers & Worm, 2003). 
With well resolved isotopic values of basal organic matter, trophic parameters can be 
calculated and used in long-term studies to support management decisions.  While fisheries 
effort can be reduced or increased with new policies and market demand, the effects of prey 
abundance and environmental conditions on the trophic structure of important assemblages 
can only be mitigated.  Reduction in the reliance of organic matter derived from macroalgae 
by the fish community throughout the years could indicate a decrease in macroalgae 
productivity in the region, which is in line with global declines of macroalgae abundance in 
the past century (Krumhansl et al., 2016).  These changes can ultimately affect fisheries yields 
and need to be considered in management decisions.  Therefore, to protect the niche of 
exploited species, these natural processes, as well as the importance of prey abundance and 
macroalgae habitat should be studied and considered during management.   
Long-term changes in the composition of the broader fish community were also 
observed from the analysis of data from trawl surveys in the region.  Data from the most 
recent surveys showed reduced assemblage segregation and a reduction in the average trophic 
level of the community.  These changes were mainly driven by an increase in abundance of 
intermediate trophic level species and a reduction in the abundance of red cod and jack 
mackerels (Carangidae).  These results corroborate the temporal decrease in MTI values after 
the full expansion of fisheries.  Both results demonstrate that the decrease in the average 
trophic level of the community is not only a consequence of the expansion of fishing grounds 
or market demands but is also a result of shifts in community composition.  Although shifts in 
the trophic level composition of the exploited community can represent a concern to the 
sustainability of these resources, they were mainly linked to the increase in abundance of 
several species in the present study.  Because of the temporal mismatch between data from 
commercial fisheries and trawl surveys, it was not possible to evaluate shifts in the 
community composition before the expansion of industrialized fisheries in the 1970s.  
Therefore, although the present fish community presents a relatively stable overall abundance 
and length-frequency, the effects of earlier fisheries activities to the community composition 
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(e.g. removal of coastal predators) is still not clear.  Nevertheless, the general decrease in 
average trophic level of the community was followed by an increase in trophic level of 
specific species, indicating that a decrease in the trophic level composition of the community 
can support higher fish abundance, but could also allow few species to feed at higher trophic 
levels, corroborating earlier findings from mass-balance model studies (Pinkerton et al., 
2015b). 
Some of the species that presented shifts in resource use and trophic level after the 
expansion of fisheries also showed trends in their average relative abundance.  For example, 
red cod presented a decrease in abundance in coastal environments, as well as a significant 
increase in trophic level with time, while spiny dogfish had its abundance increased in the 
same depth strata, and its resource use and trophic level both shifted towards values occupied 
by red cod before 1996.  Both species showed an increase in niche breadth between periods, 
which suggest increases in the number of basal sources of organic matter supporting the 
species diet and/or the number of feeding pathways, which can be linked to increased 
competition for resources.  While the analysis of the present thesis was not designed to 
uncover the drivers of those changes, the use of isotopic ecology proved to be a powerful tool 
to uncover past ecological states, with the potential to be used in research for the conservation 
of these fisheries resources.  The importance of considering specimen size, habitat use and the 
latitude of sample collection in isotopic ecology was also demonstrated and highlighted 
throughout the thesis.  Some analyses undertaken during the present study were limited by 
small sample sizes of some species, especially those retrieved from museum collections.  
Future research could focus on collecting fish tissue, as well as samples from primary 
producers, from specific management areas throughout the years.  This would allow more 
complete investigations of temporal changes in the trophic structure of important fish stocks 
to inform future management decisions.  This approach requires small amount of time, space, 
and personnel, allowing sampling to be undertaken during regular stock assessment surveys.   
The present study has demonstrated that fish communities and their niches are not just 
changing with exploitation and climate effects, but they have been changing for at least as 
long as we were able to get samples to analyze.  Although the study region is relatively small, 
the observed patterns were prevalent inside an important fishing ground in New Zealand, a 
country that has proudly claimed to have one of the best fishery management systems in the 
world.  These results highlight the importance of studying the trophic structure of exploited 
communities as a conservation tool beyond the maximum sustainable yield mindset.  With 
every new generation of scientists and managers, there is potential for new ecological 
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baselines to be accepted, normalizing the presence of impacted environments, and bringing 
management goals incrementally towards a degraded system.  We have shown here the 
importance of uncovering those ecological baselines by developing new methodologies and 
accessing previously collected samples.  We emphasize the need for considering ecological 
baselines from less impacted or pristine systems when implementing ecosystem-based 
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Appendix A.1.2. Data on all Quota Management System fish species used in chapter one.  
Source: Fisheries New Zealand and Fishbase 
Common name QMS code Scientific name Habitat Trophic level 
Alfonsino BYX Beryx splendens, Beryx decadactylus Benthopelagic 4.12 
Anchovy ANC Engraulis australis Pelagic-neritic 3 
Barracouta BAR Thyrsites atun Benthopelagic 3.85 
Bigeye tuna BIG Thunnus obesus Pelagic-oceanic 4.41 
Blue cod BCO Parapercis colias Demersal 3.82 
Blue mackerel EMA Scomber australasicus Pelagic-neritic 4.09 
Blue moki MOK Latridopsis ciliaris Demersal 3.22 
Blue shark BWS Prionace glauca Pelagic-oceanic 4.31 
Bluenose BNS Hyperoglyphe antarctica Benthopelagic 3.95 
Butterfish BUT Odax pullus Demersal 2.35 
Black cardinalfish CDL Epigonus telescopus Bathydemersal 3.59 
Blue warehou WAR Seriolella brama Benthopelagic 3.51 
Elephant fish ELE Callorhinchus milii Demersal 3.6 
Flatfish FLA 
Colistium nudipinnis, Peltorhamphus novaezelandiae, Colistium 
guntheri, Rhombosolea retiaria, Rhombosolea plebeia, 
Rhombosolea leporina, Rhombosolea tapirina, Pelotretis 
flavilatus 
Demersal 3.3 
Freshwater eels SFE, LFE, ANG Anguilla australis, Anguilla dieffenbachii, Anguilla reinhardtii Demersal 3.82 
Frostfish FRO Lepidopus caudatus Benthopelagic 3.95 
Garfish GAR Hyporhamphus ihi Pelagic-neritic 3.19 
Gemfish SKI Rexea solandri Benthopelagic 4.31 
Dark ghost shark GSH Hydrolagus novaezealandiae Bathydemersal 3.52 
Stargazer GIZ Kathetostoma giganteum Demersal 4.7 
Grey mullet GMU Mugil cephalus Benthopelagic 2.48 
Red gurnard GUR Chelidonichthys kumu Demersal 3.68 
Hake HAK Merluccius australis Benthopelagic 4.45 
Groper HPB Polyprion oxygeneios, Polyprion americanus Demersal 4.3 
Hok HOK Macruronus novaezelandiae Benthopelagic 4.34 
Jack mackerels JMA 
Trachurus declivis, Trachurus novaezelandiae, Trachurus 
murphyi 
Pelagic-oceanic 3.52 
John dory JDO Zeus faber Benthopelagic 4.38 
Kahawai KAH Arripis trutta and Arripis xylabion Pelagic-neritic 3.9 
Kingfish KIN Seriola lalandi Benthopelagic 4.04 
Leatherjacket LEA Meuschenia scaber Demersal 3.04 
Ling LIN Genypterus blacodes Bathydemersal 4.2 
Lookdown dory LDO Cyttus traversi Bathydemersal 4.25 
Mako shark MAK Isurus oxyrinchus Pelagic-oceanic 4.43 
Moonfish MOO Lampris guttatus Bathypelagic 4.22 
Orange roughy ORH Hoplostethus atlanticus Bathypelagic 4.25 
Oreos OEO 
Pseudocyttus maculatus, Allocyttus niger, Neocyttus 
rhomboidalis and Allocyttus verucosus 
Bathypelagic 4.19 
Pacific bluefin tuna TOR Thunnus orientalis Pelagic-oceanic 4.05 
Pale ghost shark GSP Hydrolagus bemisi Bathydemersal 3.8 
Parore PAR Girella tricuspidata Benthopelagic 2.19 
Pilchard PIL Sardinops sagax Pelagic-neritic 2.64 
Porae POR Nemadactylus douglasii Demersal 3.39 
Porbeagle shark POS Lamna nasus Pelagic-oceanic 4.47 
Ray’s bream RBM Brama brama Pelagic-neritic 4.08 
Red cod RCO Pseudophycis bachus Demersal 4.5 
Red snapper RSN Centroberyx affinis Benthopelagic 3.81 
Redbait RBT Emmelichthys nitidus Bathydemersal 3.43 
Ribaldo RIB Mora moro Bathypelagic 3.75 
Rig SPO Mustelus lenticulatus Demersal 3.49 
Rough skate RSK Zearaja nasuta Demersal 3.68 
Rubyfish RBY Plagiogeneion rubiginosum Bathydemersal 3.4 
School shark SCH Galeorhinus galeus Benthopelagic 4.26 
Sea perch SPE Helicolenus percoides Demersal 4.01 
Silver warehou SWA Seriolella punctata Benthopelagic 3.4 
Smooth skate SSK Dipturus innominata Demersal 4.1 
Snapper SNA Pagrus auratus Reef-associated 3.46 
Southern blue whiting SBW Micromesistius australis Benthopelagic 3.55 
Southern bluefin tuna STN Thunnus maccoyii Pelagic-oceanic 3.93 
Spiny dogfish SPD Squalus acanthias Benthopelagic 4.33 
Sprat SPR Sprattus antipodum, S. muelleri Pelagic-neritic 3.2 
Swordfish  SWO Xiphias gladius Pelagic-oceanic 4.5 
Tarakihi NMP Nemadactylus macropterus Demersal 3.41 
Trevally TRE Pseudocaranx dentex Reef-associated 3.9 
Trumpeter TRU Latris lineata Pelagic 3.7 
White warehou WWA Seriolella caerulea Pelagic-neritic 3.2 
Yellow-eyed mullet YEM Aldrichetta forsteri) Demersal 2.51 
Yellowfin tuna YFN Thunnus albacares Pelagic-oceanic 4.38 
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Appendix A.2.1. Details on the global multimodel approach 
A multimodel information theoretic approach was chosen to model isotope values of 
SPOM (δ13C and δ15N) and seawater (δ18O) along the ECSI.  This approach allows one to run 
all possible models with suitable variables and average the best in predicting the dependent 
variable, resulting in better predicting power and a more parsimonious model (Grueber et al., 
2011). 
 
A.2.1.1. Standardization of variables 
To allow proper estimates and interpretation of both directions and magnitude of 
parameter estimates from model averages, all variables have been centralized using equation 
A.2.1 after Gelman (2008), where 𝑋𝑖 is the value 𝑋 of variable 𝑖.  ?̅?𝑖 is the average of the 
variable 𝑖 and SD is the standard deviation of variable 𝑖.  Variable month refers to each 
sampling season, which were grouped into 2017/18 (January, February and March) and 
2018/19 cruises (November). 
 






A.2.1.2. Fitting, evaluating and averaging models 
Linear models were fitted using the function lm in the R package lme4 (Bates et al., 
2015).  The models with lowest AICc values (delta < 2) were identified and obtained using the 
dredge and get.model functions in the MuMIn package in R (Barto, 2015).  Models were then 
averaged using the function model.avg also from MuMIn package. The full R code can be 
seen underneath (R Core Team, 2020):  
 
“Dataframe <- as.data.frame(Data) 
d13C_model <- lm(d13CVPDB ~ Lon + Lat + Month + Fluor + S + T + Ammonia + SiO2 + Nox + 
rdepth, Dataframe, na.action=na.fail) 
 
mode_set_13C <- dredge(d13C_model, trace=FALSE, rank="AICc") 





Data2 <- read.csv("For_N.csv",header = TRUE,sep = ',') 
Dataframe2 <- as.data.frame(Data2) 
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d15N_model <- lm(d15NAIR ~ Lon + Lat + Month + Fluor + S + T +  
                   Ammonia + SiO2 + Nox + rdepth, Dataframe2, na.action=na.fail) 
mode_set_15N <- dredge(d15N_model, trace=FALSE, rank="AICc") 





Data3 <- read.csv("For_O.csv",header = TRUE,sep = ',') 
Dataframe3 <- as.data.frame(Data3) 
d18O_model <- lm(d18OVSMOW ~ Lon + Lat + Month + Fluor + S + T +  
                   Ammonia + SiO2 + Nox + rdepth, Dataframe3, na.action=na.fail) 
mode_set_18O <- dredge(d18O_model, trace=FALSE, rank="AICc") 

























Appendix A.2.2. Isosurfaces of oceanographic variables along the east coast of the South 
Island during austral summer of 2017/18 at maximum fluorescence depth. Stations are 
represented by black dots 
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Appendix A.2.3. Isosurfaces of oceanographic variables along the east coast of the South 
Island during austral summer of 2018/19 at maximum fluorescence depth. Stations are 
represented by black dots 
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Appendix A.2.4. Linear relationship between NOx and phosphate (orthophosphate) 
values from surface water samples collected along the east coast of the South Island 
during the austral Summers of 2017/18 and 2018/19.  Linear equation: NOx = -14.55 + 7.38 

















Appendix A.2.5. Maximum fluorescence depth (meters) measured during the 2017/18 (a) 
and 2018/19 (b) sampling seasons along the east coast of the South Island.  Data was 















Appendix A.2.6. Summary fit of the average of models with lowest AICc (delta < 2) 
predicting surface δ13C, δ15N and δ18O along the east coast of the South Island.  Relative 
























δ13C Surface Estimate Adjusted SE Relative importance p-values 
(Intercept) -23.42 0.25 - <0.0001  
Latitude -1.62 1.52 0.61 0.29 
Longitude 1.50 1.42 0.58 0.29 
NOx 0.46 0.69 0.47 0.51 
SiO2 -1.26 0.69 0.89 <0.1 
Temperature 0.11 0.51 0.05 0.83 
Sampling season -0.28 0.54 0.32 0.61 
Fluorescence  0.58 0.59 0.66 0.32 
Salinity -0.15 0.38 0.26 0.69 
Ammonia -0.23 0.45 0.34 0.60 
δ15N Surface         
(Intercept) 4.86 0.12 - <0.0001  
Latitude 0.04 0.16 0.25 0.78 
Longitude 0.09 0.21 0.25 0.67 
NOx -5.59 0.28 1.00 <0.0001 
Salinity 0.02 0.11 0.25 0.84 
δ18O Surface         
(Intercept) 0.28 0.02 - < 0.0001 
Latitude 0.01 0.02 0.20 0.75 
NOx -0.20 0.05 1.00 <0.0001  
SiO2 0.02 0.04 0.40 0.53 
Temperature -0.08 0.06 0.80 0.19 
Sampling season 0.00 0.03 0.20 0.96 
Salinity 0.05 0.04 0.80 0.20 
Ammonia 0.00 0.02 0.20 0.81 
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Appendix A.2.7. Nonparametric comparisons of δ15N of SPOM at surface for each pair of 
statistical area using Wilcoxon’s test. * represents p-values lower than 0.05 
Stat 
area 
Stat area Score Mean 
Difference 
Std Err Dif Z p-Value 
18 17 9.8750 3.679900 2.68350 0.0073* 
23 22 6.1750 3.166667 1.95000 0.0512 
38 22 5.3333 4.917090 1.08465 0.2781 
38 24 5.2381 6.646398 0.78811 0.4306 
20 17 4.8000 1.914854 2.50672 0.0122* 
39 24 3.0119 5.019011 0.60010 0.5484 
38 17 2.4000 2.049390 1.17108 0.2416 
23 17 2.0250 1.837117 1.10227 0.2703 
39 22 1.9833 3.801316 0.52175 0.6018 
23 18 1.6500 3.872983 0.42603 0.6701 
20 18 0.3750 3.679900 0.10190 0.9188 
23 20 -0.2250 1.837117 -0.12247 0.9025 
38 23 -0.6250 1.767767 -0.35355 0.7237 
39 38 -0.7500 1.224745 -0.61237 0.5403 
39 17 -1.0500 1.807392 -0.58095 0.5613 
39 23 -1.1250 1.620185 -0.69437 0.4875 
24 22 -2.2286 3.561472 -0.62574 0.5315 
38 20 -2.4000 2.049390 -1.17108 0.2416 
22 17 -2.6667 3.055050 -0.87287 0.3827 
39 20 -3.1500 1.807392 -1.74284 0.0814 
24 17 -4.8286 3.805360 -1.26889 0.2045 
38 18 -6.8250 6.358066 -1.07344 0.2831 
22 20 -8.2667 3.055050 -2.70590 0.0068* 
24 23 -9.0774 4.015100 -2.26081 0.0238* 
39 18 -9.6250 4.815773 -1.99864 0.0456* 
24 20 -11.8857 3.806010 -3.12288 0.0018* 
22 18 -13.7083 3.499510 -3.91722 <.0001* 














Appendix A.2.8. Nonparametric comparisons of δ15N of SPOM at MF depth for each pair 


























39 24 7.6500 3.801316 2.01246 0.0442* 
18 17 6.5313 3.540441 1.84476 0.0651 
38 24 6.4000 4.917090 1.30158 0.1931 
23 22 5.7212 2.887306 1.98148 0.0475* 
20 18 4.5521 3.540441 1.28574 0.1985 
23 18 3.5938 3.307189 1.08665 0.2772 
20 17 2.6667 1.527525 1.74574 0.0809 
39 22 2.5962 3.396831 0.76429 0.4447 
38 22 2.1538 4.341216 0.49614 0.6198 
23 17 1.4583 1.649916 0.88388 0.3768 
39 17 0.4167 1.443376 0.28868 0.7728 
23 20 0.2917 1.649916 0.17678 0.8597 
38 17 0.0000 1.490712 0.00000 1.0000 
39 38 0.0000 1.224745 0.00000 1.0000 
38 23 -0.6250 1.767767 -0.35355 0.7237 
39 23 -1.1250 1.620185 -0.69437 0.4875 
38 20 -1.3333 1.490712 -0.89443 0.3711 
22 17 -1.6410 3.049450 -0.53814 0.5905 
39 20 -2.0833 1.443376 -1.44338 0.1489 
38 18 -3.7188 5.205166 -0.71443 0.4750 
24 22 -4.0205 3.117088 -1.28983 0.1971 
39 18 -4.7813 4.003904 -1.19415 0.2324 
22 20 -6.5641 3.049450 -2.15255 0.0314* 
24 17 -7.6000 3.376389 -2.25093 0.0244* 
24 23 -8.3917 3.166667 -2.65000 0.0080* 
24 20 -8.8000 3.376389 -2.60634 0.0092* 
22 18 -9.2716 3.179335 -2.91622 0.0035* 
24 18 -14.6604 3.267687 -4.48648 <.0001* 
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Appendix A.2.9. Nonparametric comparisons of δ18O of seawater from the whole east 
coast of the South Island for each pair of depth sampled using Wilcoxon’s test. * 
represents p-values lower than 0.05 





1000 500 -2.0313 3.30470 -0.61465 0.5388 
150 0 -6.5399 6.23579 -1.04877 0.2943 
1000 150 -11.6827 4.72608 -2.47196 0.0134* 
500 150 -12.8221 3.89725 -3.29004 0.0010* 
500 0 -24.5826 6.70646 -3.66550 0.0002* 




















Appendix A.4.1. Publication associated with this thesis 
Durante, L., Sabadel, A., Frew, R., Ingram, T., & Wing, S. (2020). Effects of fixatives on 
stable isotopes of fish muscle tissue: implications for trophic studies on preserved specimens. 
Ecological Applications. https://doi.org/10.1002/eap.2080 
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Appendix A.4.2. CSIA-AA sample preparation extracted and modified from Sabadel et al., 
(2016) 
 
A.4.2.1. Reagents and solvents 
All reagents and solvents used were of analytical grade: hydrochloric acid (HCl), ethyl 
acetate (Fisher chemicals), acetone, triethylamine (Scharlau), acetic acid, dichloromethane, 
isopropanol and acetic anhydride (Merck Chemicals).  All AAs were purchased individually 
in crystalline form from: Sigman-Aldrich (alanine (Ala), aspartic acid (Asp), Glutamic acid 
(Glu), glycine (Gly), norleucine (Nle) and phenylalanine (Phe)) or Mann Assayed chemicals 
(isoleucine (Ile), leucine (Leu), proline (Pro), serine (Ser), threonine (Thr) and valine (Val)) 
for use as a high-purity calibration standard for GC-C-IRMS.  
 
A.4.2.2. Amino acid extraction 
The AA extraction occurred by hydrolyzing the samples.  Initially, the samples (finely 
grinded fat-free fish muscle tissues) were placed in borosilicate glass kimax® culture tubes.  
An internal standard mixture (50 µl of 1 mg/ml Nle in 0.1 M HCl) was added to the 
sample to monitor any possible fractionation differences due to the derivatization.  Norleucine 
was chosen as it makes an excellent an internal standard for three main reasons: (i) it is a 
synthetic AA that does not naturally occur in proteins, (ii) it is stable to acid hydrolysis and 
(iii) it can be chromatographically separated from other protein AA.  
The samples were then covered with 2 ml of 6 M HCl and heated at 110 oC for 24 
hours in a N2 atmosphere.  After 24 hours, the tubes were removed from the oven and allowed 
to cool down until reaching room temperature.  They were then centrifuged (3000 rpm, 10 
min) and each sample’s supernatant was transferred into a clean kimax® tube, preferably 
avoiding as much remaining tissue as possible.  This was done a second time by adding 2 ml 
of 0.1 M HCl to the samples, centrifuging and extracting the new supernatant.  Combined 
supernatants were dried at 60 oC under a stream of N2.  
 
A.4.2.3. Amino acid derivatization 
Samples were all derivatized at the same time, along with four samples containing the 
AAs standard solution.  
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Esterification - The esterification of the carboxylic acid group was completed by 
adding 0.5 ml of a solution of isopropanol, previously acidified with acetyl chloride (4:1, v/v), 
to each kimax® tube.  It is very important to carefully seal the tubes with PTFE before 
proceeding, to ensure that no solvents will leave the tube during the reaction.  These tubes 
were then heated in an oven at 100 oC for 1 hour.  The esterification of the carboxylic acid 
was conducted under acidic conditions (because HCl is generated when forming isopropyl 
acetate from acetyl chloride and isopropanol), so that the OH- group could be protonated to 
generate water as a leaving group.  The carboxylic acids were not dissociated and therefore 
they will react with the isopropyl acetate to form an ester (see Figure A.4.2.1).  After 1 hour, 
the reaction was stopped by placing the tubes in a freezer (-4 oC).  After a couple of minutes, 
when the samples had cooled down to below room temperature, they were placed under a 
gentle stream of N2 at 40 
oC to remove excess solvent, until dryness.  
Acetylation - Step two, the acetylation of the amine group was performed by adding 1 
ml of a mixture of acetone:triethylamine:acetic anhydride (5:2:1, v/v/v) to each sample 
followed by heating at 60 oC for 10 min.  During this time, the reaction was carried out in a 
basic environment (triethylamine), so that free amine nucleophiles were present in the 
reaction system.  The nucleophiles will react with the acetic anhydride to form a secondary 
amide.  At this stage, it is important to note that threonine and serine also acetylate at their 
OH group on the side chain.  
Figure A.4.2.1. NAIP ester formation.  This happens in two distinct reactions: Step 1 - Esterification 
and Step 2 - Acylation. 
 
Once the derivatization was completed, the reagents were evaporated at room 
temperature under a stream of N2 and then the AAs derivatives were re-dissolved in 2 ml of 
ethyl acetate.  The extraction was performed by adding 1 ml of saturated NaCl in Milli-Q 
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water (Millipore Corporation: (MQ), 18.2 MΩ•cm at 25 °C), vortexing, and then drawing off 
the organic phase.  This was done twice to ensure quantitative extraction.  The combined 
organic phases were then dried under a gentle N2 stream at room temperature.  Any residual 
water was removed by adding dichloromethane (1 ml x 3) and drying it with gentle stream of 
N2 in an ice bath.  It is important to have a final solution containing as few water molecules as 
possible, as they would interfere with the GC-FID or GC-C-IRMS analysis.  
Finally, the derivatives were re-dissolved in a minimum volume of ethyl acetate (i.e. 
40 µl).  The final solution was sufficiently concentrated to provide reasonable signal strength 
when analyzed by a GC (> 100 mV).  
 
A.4.2.4. Amino acid GC-IRMS measurements 
 δ13CAA and δ
15NAA were measured by gas chromatography/combustion/isotope ratio 
mass spectrometer (GC-IRMS), using a Thermo Trace gas chromatograph, the GC 
combustion III interface, and a Deltaplus XP isotope ratio mass spectrometer (Thermo Fisher 
Scientific).  200 nl aliquots of derivatized AA were injected, inlet at 270 °C in splitless mode, 
carried by helium at 1.4 ml min−1 and separated on a VF-35ms column (30 m long, 0.32 mm 
ID and a 1.0 μm film thickness).  The GC temperature program is summarized in Table 
A.4.2.1 and an example of a chromatogram is presented in Fig A.4.2.2. 
 
Table A.4.2.1.  GC-FID and GC-C-IRMS program, modified from Styring et al. 2012. 
 
Rate (oC/min) Temp (oC) Hold time (min) 
Initial - 40 5 
Ramp 1 15 120 0 
Ramp 2 3 180 0 
Ramp 3 1.5 210 0 
Ramp 4 5 270 7 
 
For δ13CAA measurements, the oxidation reactor was set at 950 °C and the reduction 
reactor at 200 oC; while for δ15NAA measurements, the oxidation rector was set at 980 °C and 
the reduction reactor at 650 °C and a liquid nitrogen cold trap employed after the reduction 
reactor.  Samples were analyzed in duplicates or triplicates – when needed - along with amino 
acid standards of known isotopic composition (STD; measured by EA-IRMS). Each run 
contained no more than 10 samples. 
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Fig A.4.2.2. Example of a GC-IRMS chromatogram from the measurement of δ15NAA.  
Compounds names are displayed for the 15 AAs from the standard solution.  Note that Lys and 
Tyr co-elute, hence why they were not used in this thesis. 
 
A.4.2.5. Data correction 
Correction of raw δ15N data - Correction was done by plotting the mean δ15N value of 
each individual amino acid standard measured on GC-IRMS vs. their ‘real’ value measured 
on EA-IRMS (Fig A.4.2.3 – EA-IRMS measurements done as described in the thesis).  The r2 
is always > 0.99.  Raw δ15N values for amino acids in the samples were then corrected using 
the fitting equation and the value further adjusted by adjusting to the difference in δ15NNle 
(internal standard) value in the sample and in the standards.  
Fig A.4.2.3. Example of standard calibration for AA corrections using EA-IRMS values vs GC-IRMS 
values of the STD.  
 

























Correction of raw δ13C data used in chapter 4 - Similar preliminary assessment than 
for raw δ15N data: no drift and SD < 1‰.  The raw δ13C data as corrected individually as 
follow, based on mean values of the STD: 
 ∆Corr= 𝛿 C 
13
STD IRMS − 𝛿 C 
13
STD EA A.4.2.1) 
 𝛿 C 
13
Sample = 𝛿 C 
13
Sample IRMS
− ∆Corr A.4.2.2) 
   
Correction of raw δ13C data used in chapter 5 - Similar preliminary assessment than 
for raw δ15N data: no drift and SD < 1‰.  The raw δ13C data as corrected individually as 
follow, based following (O’Brien et al., 2002): 






− 𝛿 C 
13
STD IRMS








   
   
Where δ13CSample-IRMS is the value of the derivatized AA in the sample measured by the 
GC-IRMS; δ13CSTD-IRMS is the value of the derivatized AA in the STD measured by GC-
IRMS; δ13CSample-EA is the value of the underivatized AA in the STD measured by EA-IRMS; 
and ρSTD is the proportion of C in the derivative from the AA.  While equations A.4.2.1 and 
A.4.2.2 were used to evaluate proportional differences in δ13C due to fixatives, equation 
A.4.2.3 is more suitable for the correction of added carbons when absolute values of δ13C 
from samples are needed, i.e. in chapter 5 (O’Brien et al., 2002). 
 
A.4.2.6. Propagation of error during TP calculations 
When using the equation below for TP calculation: 
 




+ 1    A.4.2.4) 
 
Where β represents the isotopic difference between Glu and Phe in the primary 
producers: δ15NGlu - δ
15NPhe = 3.4‰ for aquatic cyanobacteria and algae (Chikaraishi et al., 
 
221 
2009).  The trophic enrichment factor (TEF) value of 7.6‰ is commonly used in aquatic food 
web studies for low TP  (McMahon & McCarthy, 2016; Ohkouchi et al., 2017).  The TEF is 
the average 15N enrichment in one or more trophic AAs relative to source AAs per TP and is 
key to estimate the TP accurately.  Recent studies have highlighted the issues with the use of a 
fixed TEF across a food web and more specifically at higher TPs (Bradley et al., 2015).  
Indeed, as pointed out by the meta-analysis of Nielsen et al., (2015), TEF decreases with 
higher TP.  Change in diet with higher trophic level species was found to be the main cause of 
this TEF decrease (McMahon & McCarthy, 2016).  Thus, a TEF = 7.6 was used (Chikaraishi 
et al., 2009; McMahon et al., 2015). 
The propagation of the error σTL can be calculated, following (Dale et al., 2011), by 
using the following equation: 
 













         A.4.2.5) 
 
In which σnumerator can be calculated as follow: 
 






                 A.4.2.6) 
 










Appendix A.4.3. Meta-data from published literature on the effects of formalin fixation 
and formalin preservation on bulk carbon and nitrogen isotopes 
Source reference Fish species 
Period 
(weeks) 











16 -0.74 - -2.17 1.21 - -1.41 
(Ogawa et al., 
2001) 
Hemibarbus barbus 9 - - - -0.25 -0.18 - 
62 - - - 0.17 - - 
117 - - - -0.1 - - 
Lepomis macrochirus 9 - - - 0.1 0.12 - 
62 - - - -0.3 - - 
117 - - - 0 - - 
Micropterus salmoides 9 - - - 0.1 0.07 - 
62 - - - -0.1 - - 
117 - - - -0.2 - - 
Zacco platyput 9 - - - 0.3 -0.21 - 
62 - - - 0.4 - - 





1 -0.27 0.77 - -0.3 -0.71 - 
4 -0.59 0.64 - 1.04 0.99 - 
12 -0.65 0.59 - 0.71 0.81 - 
(Arrington & 
Winemiller, 2002) 
Arius felis                             
Cynoscion nebulosus          
Dorosoma cepedianum             
Mugil cephalus 
6 -1.11 -0.16 -1.12 0.36 0.2 0.62 
(Edwards et al., 
2002) 
Rhinichthys cataractae 27 - - -2 - - 0.4 
Percina caprodes                        
Percina roanoka             
Etheostoma tippecanoe 
700 - - -0.8 - - 0.5 
Rhinichthys cataractae 4 - - -1.5 - - - 
(Sarakinos et al., 
2002) 
Catostomus occidentalis 26 1.33 0.21 - 0.16 0.37 - 
(Sweeting et al., 
2004) 
Gadus morhua 84 -1.73 0.48 - 0.8 1.05 - 
(Kelly et al., 
2006) 
Salvelinus alpinus 10 -2.21 -0.78 - 0.66 0.35 - 
Salvelinus alpinus 10 -2.78 -0.2 - 0.03 0.06 - 




24 -0.06 - - 0.16 - - 
48 -0.71 - - -0.54 - - 
96 -2.08 - - 0.16 - - 
Hymenocephalus 
italicus 
24 -1 - - -0.05 - - 
48 -0.1 - - -0.22 - - 
96 -1.57 - - 0.35 - - 
Nezumia aequalis 24 0.78 - - 0.09 - - 
48 -0.15 - - -0.06 - - 
96 -0.88 - - 0.31 - - 
(Akın et al., 2011) Perca fluviatilis 12 -1.2 0.48 - 2.05 2.19 - 
24 -1.14 0.3 - 0.34 0.7 - 
Blicca bjoerkna 12 -1.09 0.26 - 0.71 0.8 - 
24 -1.48 0.03 - 0.31 0.35 - 





















(Xu et al., 
2011) 
Siniperca chuatsi 89 -0.89 0.68 - 0.24 0.52 - 
 Hypophthalmichthys nobilis 89 -0.75 0.52 - 0.08 0.35 - 
Ctenopharyngodon idellus 89 -1.38 1.02 - 0.08 0.38 - 
(Correa, 2012) Salmo trutta 9 - 0.91 - - 0.44 - 
Oncorhynchus mykiss 9 - 0.94 - - 0.71 - 
Galaxias platei 9 - 0.23 - - 0.45 - 
(Lau et al., 
2012) 
Pseudogastromyzon myersi 4 -0.79 -0.84 -1.2 0.44 0.3 0.26 
8 -1.78 -1.01 -2.24 0.28 0.05 0.08 
12 -1.29 -0.26 -0.9 0.45 0.26 -0.03 
24 -1.81 -1.21 -1.09 -0.43 0.42 0.28 
48 -2.43 -1.86 -1.39 -0.83 -0.9 -0.98 
Liniparhomaloptera disparis 4 -1.6 -1.07 -2.45 0.54 0.05 0.38 
8 -2.98 -2.23 -1.56 -0.49 0.21 0.63 
12 -1.05 -0.75 -0.82 0.88 1.4 1.85 
24 -1.45 -0.75 -1.04 0.82 0.65 1.05 
48 -1.18 -0.5 -0.33 -0.4 0.26 -0.21 
Ctenogobius duospilus 4 -1.18 0.88 -0.92 0.25 0.75 0.3 
8 -1 0.3 -0.06 -0.02 0.3 0.39 
12 -0.3 0.68 -0.84 0.18 0.31 0.36 
24 -1.19 0.18 -0.13 0.59 0.86 0.27 




Vanmanenia sp. 8.6 -0.74 - - 0.32 - - 
Lepidocephalichthys 
berdmorei 
8.6 -0.64 - - 0.46 - - 
Garra cambodgiensis 8.6 -0.7 - - 0.39 - - 
Rhodeus ocellatus 8.6 -1.5 - - 0.01 - - 
Puntius semifasciolatus 8.6 -1.2 - - 0.29 - -  
Barilius pulchellus 8.6 -0.77 - - 0.37 - - 
Danio chrysotaeniatus 8.6 -0.89 - - 0.34 - - 
Scaphiodonichthys 
acanthopterus 
8.6 -0.78 - - 0.31 - - 
Pteronemacheilusmeridionalis 8.6 -0.6 - - 0.31 - - 
Schistura kengtungensis 8.6 -0.85 - - 0.32 - - 
Schistura kloetzliae 8.6 -1.06 - - 0.38 - - 
Channa gachua 8.6 -1.2 - - -0.34 - - 
Rhinogobius brunneus 8.6 -0.97 - - 0.13 - - 
Rhinogobius giurinus 8.6 -1.4 - - 0.48 - - 
Creteuchiloglanis 
longipectoralis 
8.6 -0.76 - - 0.4 - - 
Glyptothorax laosensis 8.6 -1.1 - - 0.55 - - 






500 - - -0.66 - - 0.34 
(Hetherington 
et al., 2019) 
Thunnus albacares 1 -1.5 0.1 - 1.3 1.1 - 










Appendix A.5.1. Results from general linear models between bulk isotope values, year of 
collection, specimens’ total length and latitude from chapter 5 data 
δ13C Intercept Year Total length Latitude 
Species Estimate SE p value Estimate SE p value Estimate SE p value Estimate SE p value 
Barracouta -36.64 8.29 0.0003*** 0.010 0.005 0.053 -0.001 0.001 0.193 0.033 0.05 0.520 
Blue cod 20.00 12.96 0.128 -0.011 0.007 0.092 0.002 0.002 0.286 0.372 0.05 <.0001*** 
Common warehou -4.40 6.86 0.532 -0.007 0.004 0.103 -0.001 0.002 0.583 0.011 0.07 0.877 
Elephant fish -13.66 26.40 0.612 -0.007 0.014 0.644 0.002 0.002 0.377 -0.181 0.27 0.513 
Giant stargazer 19.37 6.80 0.008* -0.020 0.004 <.0001*** 0.001 0.001 0.062 -0.022 0.06 0.706 
Gurnard 23.64 12.23 0.060 -0.014 0.005 0.017 0.004 0.001 0.001** 0.349 0.08 <.0001*** 
Hapuka -32.58 15.19 0.051 0.003 0.010 0.774 0.003 0.001 0.014* -0.160 0.10 0.124 
Hoki -46.02 12.97 0.003** 0.019 0.004 0.0005** 0.001 0.001 0.173 0.234 0.16 0.168 
Leatherjacket -18.80 10.83 0.089 0.001 0.005 0.815 -0.002 0.003 0.550 0.037 0.06 0.571 
Ling -68.93 13.65 <.0001*** 0.032 0.007 <.0001*** 0.000 0.001 0.428 0.292 0.08 0.0005** 
Lookdown dory -29.48 19.01 0.133 0.027 0.007 0.0004*** 0.006 0.001 <.0001*** 1.013 0.24 0.0002*** 
Orange roughy 1.01 17.99 0.956 -0.004 0.009 0.691 0.003 0.002 0.091 0.289 0.14 0.044* 
Red cod -24.08 12.66 0.063 0.011 0.006 0.077 0.000 0.001 0.670 0.367 0.08 <.0001*** 
Sea perch -9.78 4.36 0.028* -0.001 0.002 0.563 0.007 0.001 <.0001*** 0.185 0.03 <.0001*** 
Spiny dogfish 17.95 15.68 0.262 -0.015 0.009 0.122 -0.003 0.001 0.026* 0.132 0.18 0.481 
Tarakihi 19.37 12.08 0.114 -0.013 0.006 0.026* 0.000 0.002 0.861 0.261 0.09 0.006* 
δ15N Intercept Year Total length Latitude 
Species Estimate SE p value Estimate SE p value Estimate SE p value Estimate SE p value 
Barracouta 8.52 15.73 0.594 0.009 0.009 0.347 0.000 0.001 0.646 0.291 0.10 0.007* 
Blue cod 47.82 14.98 0.002** -0.013 0.008 0.098 0.003 0.002 0.070 0.213 0.06 0.001** 
Common warehou 26.46 11.96 0.044* -0.007 0.007 0.310 0.000 0.003 0.943 -0.048 0.12 0.692 
Elephant fish 25.26 33.50 0.462 -0.013 0.018 0.498 0.003 0.002 0.209 -0.251 0.34 0.475 
Giant stargazer 65.43 8.21 <.0001*** -0.028 0.005 <.0001*** 0.002 0.001 0.008* -0.065 0.07 0.357 
Gurnard -19.80 12.20 0.112 0.019 0.005 0.001** 0.003 0.001 0.0086* 0.098 0.08 0.219 
Hapuka 16.25 20.29 0.438 -0.017 0.013 0.201 0.009 0.001 <.0001*** -0.594 0.13 0.0005** 
Hoki -25.15 13.97 0.094 0.025 0.005 <.0001*** 0.001 0.001 0.484 0.263 0.17 0.152 
Leatherjacket -31.02 11.92 0.013* 0.016 0.006 0.006* -0.003 0.003 0.380 -0.317 0.07 <.0001*** 
Ling -7.43 16.73 0.659 0.020 0.009 0.028* 0.000 0.001 0.724 0.411 0.09 <.0001*** 
Lookdown dory 87.85 37.03 0.025* 0.002 0.013 0.906 0.010 0.002 <.0001*** 1.855 0.46 0.0004*** 
Orange roughy 26.38 21.27 0.226 0.011 0.011 0.301 0.007 0.002 0.003** 0.821 0.16 <.0001*** 
Red cod -10.76 11.20 0.341 0.018 0.005 0.002** 0.006 0.001 <.0001*** 0.293 0.07 0.0002*** 
Sea perch 61.73 8.29 <.0001*** -0.020 0.004 <.0001*** 0.010 0.002 <.0001*** 0.248 0.06 <.0001*** 
Spiny dogfish -36.50 24.24 0.143 0.045 0.014 0.004** -0.001 0.002 0.643 0.902 0.29 0.004** 















Appendix A.5.2. Results from general linear models between proportion of pelagic basal 
organic matter supporting a fish’s det (%SPOM), trophic level (TL) and year of 
collection, specimens’ total length and latitude from chapter 5 data 
%SPOM Intercept Year Total length Latitude 
Species Estimate SE p value Estimate SE p value Estimate SE p value Estimate SE p value 
Barracouta 3.98 1.60 0.022* -0.0011 0.0009 0.268 0.0002 0.0001 0.014* 0.034 0.010 0.003** 
Blue cod -2.84 1.56 0.073 0.0018 0.0008 0.028* 0.0001 0.0002 0.505 0.006 0.006 0.389 
Common warehou 0.18 0.75 0.811 0.0009 0.0004 0.070 0.0002 0.0002 0.382 0.031 0.007 0.001* 
Elephant fish 3.90 2.91 0.199 0.0004 0.0016 0.813 -0.0003 0.0002 0.110 0.090 0.030 0.008* 
Giant stargazer -1.06 1.28 0.414 0.0019 0.0007 0.013* -0.0002 0.0001 0.126 0.048 0.011 0.0001*** 
Gurnard 1.66 2.31 0.476 -0.0002 0.0010 0.824 -0.0003 0.0002 0.240 0.016 0.015 0.297 
Hapuka 5.07 3.38 0.158 -0.0009 0.0021 0.690 -0.0003 0.0002 0.155 0.058 0.022 0.0191* 
Hoki 14.91 4.01 0.002** -0.0024 0.0013 0.082 0.0000 0.0002 0.945 0.217 0.050 0.001** 
Leatherjacket 5.96 1.73 0.001** -0.0019 0.0008 0.021* 0.0007 0.0005 0.141 0.041 0.010 0.0003*** 
Ling -0.72 1.74 0.680 0.0012 0.0009 0.180 -0.0001 0.0001 0.04* 0.026 0.010 0.01* 
Lookdown dory 13.17 3.56 0.001** -0.0030 0.0013 0.026* -0.0003 0.0002 0.168 0.149 0.044 0.002** 
Orange roughy 2.44 3.71 0.516 0.0012 0.0018 0.524 -0.0001 0.0004 0.725 0.095 0.028 0.002** 
Red cod 4.25 1.67 0.014* -0.0004 0.0008 0.650 -0.0003 0.0001 0.02* 0.064 0.011 <.0001*** 
Sea perch -0.31 1.01 0.763 0.0014 0.0005 0.009* -0.0008 0.0002 <.0001*** 0.040 0.007 <.0001*** 
Spiny dogfish -3.25 1.79 0.080 0.0023 0.0010 0.037* 0.0005 0.0002 0.004** 0.025 0.021 0.251 
Tarakihi -0.11 1.64 0.946 0.0009 0.0008 0.236 0.0007 0.0002 0.001** 0.031 0.012 0.014* 
TL Intercept Year Total length Latitude 
Species Estimate SE p value Estimate SE p value Estimate SE p value Estimate SE p value 
Barracouta -0.84 5.23 0.874 0.004 0.003 0.171 -0.0001 0.0003 0.647 0.11 0.03 0.003** 
Blue cod 11.17 4.00 0.007* -0.003 0.002 0.147 0.0006 0.0004 0.224 0.05 0.02 0.003** 
Common warehou 6.19 3.27 0.080 -0.002 0.002 0.449 0.0002 0.0009 0.835 0.00 0.03 0.955 
Elephant fish 4.41 7.66 0.573 -0.003 0.004 0.488 0.0010 0.0005 0.078 -0.08 0.08 0.305 
Giant stargazer 24.03 3.64 <.0001*** -0.010 0.002 <.0001*** 0.0010 0.0003 0.005* 0.00 0.03 0.998 
Gurnard -10.23 3.49 0.006* 0.007 0.002 <.0001*** 0.0003 0.0003 0.406 0.03 0.02 0.265 
Hapuka 6.24 7.96 0.448 -0.008 0.005 0.148 0.0040 0.0005 <.0001** -0.24 0.05 0.0004*** 
Hoki -23.02 7.02 0.006* 0.011 0.002 0.0004*** 0.0001 0.0003 0.798 -0.13 0.09 0.167 
Leatherjacket -11.67 3.11 0.001** 0.006 0.001 0.0003*** -0.0012 0.0009 0.174 -0.09 0.02 <.0001*** 
Ling 10.26 5.97 0.093 0.001 0.003 0.733 0.0004 0.0002 0.048* 0.20 0.03 <.0001*** 
Lookdown dory 18.23 10.74 0.102 -0.001 0.004 0.902 0.0027 0.0007 0.0004*** 0.35 0.13 0.0135* 
Orange roughy 2.24 6.04 0.714 0.004 0.003 0.231 0.0019 0.0006 0.0043** 0.16 0.05 0.002** 
Red cod -5.22 3.85 0.181 0.004 0.002 0.026* 0.0019 0.0003 <.0001*** 0.03 0.03 0.272 
Sea perch 19.07 2.70 <.0001*** -0.007 0.001 <.0001*** 0.0024 0.0005 <.0001*** 0.06 0.02 0.001** 
Spiny dogfish -15.12 6.51 0.028* 0.015 0.004 0.001** 0.0001 0.0006 0.906 0.28 0.08 0.001** 












Appendix A.5.3. Sample sizes by species, period and assemblage used in the analyses of 
bulk isotope data (δ13C and δ15N), trophic parameters (%SPOM and trophic level) and 
compound specific isotopic analysis of amino acids (CSIA-AA) in chapter 5 
Species Period Assemblage All specimens Bulk isotopes Trophic parameters CSIA-AA 
Leatherjacket Historical Inner shelf 23 23 23 - 
Blue cod 12 12 12 5 
Gurnard 20 17 17 - 
Elephant fish 15 15 13 - 
Common warehou Outer shelf 8 8 6 - 
Barracouta 8 8 8 6 
Tarakihi 21 20 20 10 
Spiny dogfish 15 12 12 - 
Giant stargazer 16 10 5 - 
Red cod 24 10 10 7 
Sea perch Slope 32 23 23 - 
Lookdown dory 18 6 6 - 
Hoki 11 11 11 6 
Hapuka 8 - - 6 
Ling 20 20 11 7 
Orange roughy Mid slope 18 8 8 5 
Leatherjacket Modern Inner shelf 26 26 26 - 
Blue cod 58 58 58 6 
Gurnard 25 20 20 - 
Elephant fish 5 5 5 - 
Common warehou Outer shelf 11 11 11 - 
Barracouta 15 15 15 5 
Tarakihi 62 48 48 5 
Spiny dogfish 17 16 16 - 
Giant stargazer 17 17 17 - 
Red cod 42 33 33 5 
Sea perch Slope 39 33 33 - 
Lookdown dory 12 9 9 - 
Hoki 7 7 7 4 
Hapuka 12 - - 8 
Ling 27 27 15 5 












Appendix A.6.1. Distribution of annually averaged commercial catch (kg/ha) from all 
species and fishing methods between 2007 and 2017 reported to Fisheries New Zealand.  
Values were combined in ten catch intensity groups, with values from 1 (low intensity) to 
10 (high intensity).  A detailed description of the methods for the mapping of this dataset 
can be found in appendix A.6.2.  Geographic limit of the east coast of the South Island 
trawl survey is depicted as the white dashed line.  Source: Fisheries New Zealand   
MPI Catch Intensity map (2007 to 
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Appendix A.6.2. Details on the creation of the Ministry of Primary Industries (MPI) fishing 








Annually averaged commercial catch (kg/ha) from all fishing methods (except 
freshwater fishing) reported to the Ministry for Primary Industries (MPI) over ten years. 
 
Description 
The distribution of total commercial catch is estimated for all fishing events reported 
in statutory catch and effort returns for the period 1 October 2007 to 30 September 2017.The 
location of fishing events is reported by either start (or start and end) coordinates (precise to 1 
nautical mile) or by large statistical areas. The total catch of all species from each fishing 
event is spread uniformly over a polygon of space estimated to be occupied by that fishing. 
Trawl fishing polygons are derived from the length and width of the door-spread for the 
duration of the tow. The path of each tow is taken as a straight line between start and end 
coordinates where these are reported, or between start and estimated end coordinates. Where 
not required to report end coordinates, (as is the case for most inshore trawling) tow end 
points are derived using the direction of the next tow start position or the direction of the 
landing point for the last tow of the day. This has proven to be a reasonably good predictor of 
trawl direction.  Line fishing is attributed to a circle with the center at the reported start 
position and a radius of the reported length of line set. Set net fishing is attributed to a circle 
with the center at the reported start position and radius of 2 nm in accordance with the 
definition of a single set netting event prescribed in reporting regulations. Jig fishing reports a 
single nightly position and is assumed to occur within 5 nm of that position. Hand and Pot 
fishing reports by statistical area, and where available, information on habitat and depth or 
information supplied by fishers is used to define the parts of each statistical area where each 
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type of fishing is likely to have occurred. In the case of lobster potting and paua diving, an 
informal map of reef area supplied by the Department of Conservation is used to estimate 
where this fishing may have occurred.  Catch intensity (kg/ha) is mapped to a square 
kilometer grid for all fishing events and summed over gear types. The data is aggregated into 
grid squares of between 1 and 2500 km2 as required to give 9-year annual averages of data 
from at least three permit holders. Catch per unit area values are classified into ten intensity 
classes and displayed using heatmap colors.  MPI has high confidence in the data on catch 
quantities used to create this dataset but the spatial distributions of those catches are only 
approximate and should be used with caution especially at large map scales (maps of small 
spatial extent). Nevertheless, the aggregation of a large number of fishing events tends to 
provide consistent patterns that have passed scrutiny when tested with groups of fishers.  
 
Credits 
Ministry for Primary Industries (MPI) - Manatū Ahu Matua 
 
Use limitations 
Data was created to provide a generalized context and is not guaranteed to be 100% accurate.  
All values and locations displayed within these datasets are based on the best available 
information at the time of creation. Where accurate location information is lacking, fishing 
events have been aggregated to broader areas such as a fishery statistical area, or where an 
informed assumption can be made, to a subset of a statistical area (such as rocky areas within 




West  -180.000000    East  180.000000  
North  -25.542249    South  -56.077018  
Scale Range 
Maximum (zoomed in) 1:5,000  
Minimum (zoomed out) 1:150,000,000  
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Appendix A.6.3. Life history traits of species used in the present study.  Predominantly 
species of RATs: two saddle rattail (Coelorinchus biclinozonalis), Oblique banded rattail 

















Range of preferred  
temperature (˚C) 




BAR Barracouta Thyrsites atun 200 10 9.8 11.2 3.85 
NMP Tarakihi Nemadactylus macropterus 70 50 4.9 14 3.41 
GIZ Giant Stargazer Kathetostoma giganteum 90 20 6.5 11.2 4.7 
GUR Gurnard Chelidonichthys kumu 60 15 11.7 19.3 3.68 
SPD Spiny dogfish Squalus acanthias 95 26 14.5 9.9 4.33 
RAT Rattails - - - - - - 
GSH Ghost shark Hydrolagus novaezealandiae 96 - 5.7 10.8 3.52 
SPE Sea perch Helicolenus percoides 47 42 6.1 13 4.01 
ELE Elephant fish Callorhinchus milii 125 15 5.9 15.2 3.6 
RCO Red cod Pseudophycis bachus 90 6 5.6 11 4.5 
LIN Ling Genypterus blacodes 200 30 9.4 7.2 4.2 
JMM Yellowtail jack mackerel Trachurus novaezelandiae 50 25 8.1 15.3 3.2 
JMD Greenback jack mackerel Trachurus declivis 64 25 9.1 14.4 3.9 
JMN Slender jack mackerel Trachurus murphyi  70 16 8.5 16.5 3.3 
BCO Blue cod Parapercis colias 45 17 8 12.9 3.82 
CBE Crested bellowsfish Notopogon lilliei 27 - 6.6 11.7 3.5 
HAP Hapuka Polyprion oxygeneios 160 60 7.4 11.7 4.5 
LSO Lemon sole Pelotretis flavilatus 40 - 7.5 13.3 3.3 
SPO Rig Mustelus lenticulatus 150 20 9.7 13.7 3.49 
JAV Javelinfish Thorntooth grenadier 55 - 5.6 9.2 3.8 
ESO New Zealand sole Peltorhamphus novaezeelandiae 55 7 7 16.6 3.1 
SSI Silverside Argentina elongata 25 - 7 11.2 3.4 
HOK Hoki Macruronus novaezelandiae 120 25 6.7 8 4.34 
WAR Common warehou Seriolella brama 76 15 4.8 14.4 3.51 
LEA Leatherjacket Meuschenia scaber 31 - 4.3 15.1 3.04 
CAR Carpet shark Cephaloscyllium isabellum 100 - 7 11.8 4.2 
SSK Smooth skate Dipturus innominata 240 24 6.5 8.2 4.1 
RSK Rough skate Zearaja nasuta 118 9 5.2 9.2 3.68 
NOS Arrow squid Doryteuthis plei - - - - - 
SWA Silver warehou Seriolella punctata 66 15 5.7 13 3.4 
WIT Witch Arnoglossus scapha 28.1 - 7.9 13.3 3.7 
SCH School shark Galeorhinus galeus 193 55 16.5 12.3 4.26 
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